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ABSTRACT
Enthalpies of reaction have been determined for 
a number of metal g-diketonates by means of the follow­
ing reaction scheme :
. Mn + (sol) + nlT(sol) --> MLn (sol)
where l ” is a bidentate ligand. Subsequent determina­
tions of the enthalpies of solution of all species per­
mitted calculation of the following enthalpies of forma­
tion at 25°C of the crystalline complexes :
[A1(dpm)3 ] AHf°(c)= -571.5 ±3.1 kcal/mol Hdpm=dipivaloyl-
methane
[Be(dpm).] AHf°(c)= -386.5 ±2.0 kcal/mol
[Ni(dpm)2 ] AHf°(c)= -299.2 ±2.0 kcal/mol
[A1(tfacac)3 ] AHf°(c)= -892.7 ±3.1 kcal/mol Htfacac=trifluoro-
acetylacetone
[Be(tfacac)2 ] AHf°(c)= -597.3 ±2 .0 kcal/mol
[Al(trop)3 ] AHf°(c)= -316.96±0.66 kcal/mol Htrop=tropolone
[Be(trop)2 ] AHf°(c)= -208.56±0.42 kcal/mol
[Cu(trop)2 ] AHf°(c)= -102.47±0.42 kcal/mol
[A1(Metrop)3 ] AHf°(c)= -329.8 ±2.2 kcal/mol HMetrop=4-methyl-
tropolone
Enthalpies of vaporization have been determined 
by a direct calorimetric method for the following 3-dike­
tones :
Dipivaloylmethane Hdpm AHv=+14.23±0.03 kcal/mol
Trifluoroacetylacetone Htfacac AHv= +8.90±0.04 kcal/mol 
Hexafluoroacetylacetone Hhfacac AHv +7.31±0.03 kcal/mol 
DiisobutyryImethane Hdidm AHv==+13.40±0.04 kcal/mol
Pivaloylpropionylmethane Hpiprm AHv=+13.59±0.03 kcal/mol 
Isobutyrylpivaloylmethane Hibpm AHv=+13.80±0.05 kcal/mol
Using the appropriate auxiliary data, enthalpies 
of formation in the gaseous state have been calculated 
for the following compounds :'
[Al (dpm) 3 ] AHf° g) = -543.01 3.1 kcal/mol
[Be (dpm) 2 ] AHf ° g) = -361.8± 2.1 kcal/mol
[Ni (dpm) 2 ] AHf ° g) = -262.2110.2 kcal/mol
[Al(tfacac)3 ] AHf° g) = -867.21 3.1 kcal/mol
[Be (tfacac) 2 ] AHf° g) - -574.31 2.1 kcal/mol
[Al (trop) 3 ] AHf ° g) = -287.01 5.0 kcal/mol
[Be (trop) 2 ] AHf° g) = -183.61 5.0 kcal/mol
[Cu (trop) 2 ] AHf° g) = -67.5±10.0 kcal/mol
[Al (Metrop) 3 ] AHf° g) = -299.81 5.5 kcal/mol
From these, the metal-oxygen bond energies, 
E(M-O) have been determined :
[A1 (dpm) 3 ]
[Be (dpm) 2 ]
[Ni (dpm) 2 ]
[Al (tfacac) 3 ] 
[Be (tfacac) 2 ] 
[Al (trop) 3 ] 
[Be (trop) 2 ] 
[Cu (trop) 2 ] 
[Al (Metrop) 3 ]
E(Al-O) 
E(Be-O) 
E(Ni-O) 
E(Al-O) 
E{Be-0) 
E(Al-O) 
E(Be-O) 
E(Cu-O) 
E (Al—0)
61±3 
67±3 
50±4 
61±3 
67±3 
6 6 ±3 
71 ±3 
4 2 ±4 
64±3
kcal/mol
kcal/mol
kcal/mol
kcal/mol
kcal/mol
kcal/mol
kcal/mol
kcal/mol
kcal/mol
These results have been discussed, and in view 
of the uncertainties arising from a number of values which 
of necessity were estimated, a clear-cut relationship 
between bond strength and ligand parameters could not be 
demonstrated.
An empirical order of bond strength has been 
derived from a consideration of the function
AHf° [ML ](c) - nAHf°HL (s or 1)
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CHAPTER 1 
INTRODUCTION
One of the outstanding problems of coordination 
chemistry is the strength of the metal-ligand bond and 
the factors which influence this.
Most of the current work in coordination chemis­
try is concerned with preparation, structure determina­
tion and kinetics of reaction; very little has been done 
on the measurement of the bond strength. By contrast 
there has been great interest in the interatomic forces 
in simple inorganic molecules and organic compounds, and 
the techniques used in these studies can in principle be 
applied to the more complicated case of bonding in coordi­
nation compounds.
1.1 - The bond energy parameter
There are many diverse interpretations of the 
term "bond strength". The strength of a chemical bond 
can be expressed in terms of the "bond energy", that is, 
the energy needed to separate to infinity-the participant 
atoms of a molecule or, conversely, the energy gained 
when separable atoms combine to form a molecule.
For a diatomic molecule AB, it is simply the reso­
nance energy of a pair of electrons between the two atoms 
A and B, and the maximum bond strength is represented by 
the depth of the "energy well" in the ground state poten­
tial energy function for the molecule (Fig. 1, curve a).
The energy E . is the measure of the electronic binding 
m m
energy of the molecule.
The actual energy needed to separate AB into A 
and B is slightly less than Emin because, even at absolute 
zero, the molecule possesses some kinetic energy due to
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distance(b)
Fig. 1 - Schematic plot of energy of the'system nuclei + elec­
trons for various internuclear distances in a diatomic 
molecule.
vibration of the nuclei with respect to each other. The 
lowest allowed energy level cannot be the potential mini­
mum but will be %hv above this, for a diatomic molecule 
(h = Planck's constant and v' = vibrational frequency for 
the molecule). For a light molecule such as hydrogen, this 
zero point energy ED - Em j_n / is 6.4 kcal/mol while for 
iodine it is only 0.3 kcal/mol.
In the foregoing we have assumed that the energy 
of the system nuclei plus electrons is a single-valued
function of the configuration of the nuclei; this is not 
so. This electronic energy is itself quantized, and we 
have so far been dealing with the lowest electronic energy 
state. A higher, or excited, electronic energy state 
may produce a similar potential well at a higher energy 
level, but not .all excited states produce a potential well 
for some, the energy increases monotonically as the nuclei 
approach, so that the nuclei repel one another at all 
distances. These two cases are shown by curves (b) and 
(c) in Figure 1.
The "Dissociation Energy" can be defined as E^ 
at OK, that is, the change in energy at absolute zero 
for the process
AB(g)  -- > A(g) + B(g)
where all species are ideal gases and ,in their ground 
states. Dissociation energies measured- spectroscopically 
are referred to OK,, but most other methods yield results 
at 298.15K or higher, and have to be corrected to abso­
lute zero. This correction presupposes a knowledge of 
the translation, rotational and vibrational energies of 
the molecule, as well as its zero point energy.
It is unusual to be able to make these corrections 
with certainty but as they are usually small (1-2 kcal) 
compared with the dissociation energy, it is convenient 
to define a new term, the "Bond Energy" (E), which is 
the enthalpy change (AH), for the process
AB (g) — — ■> A (g) + B(g)
. z  /
at 298.15K and one atmosphere pressure.
Although the "Bond Energy" does not have the rigor­
ous significance of the "Dissociation Energy", it does 
have the great advantage of relative ease of measurement 
and the convenience for practical calculations of the 
standard temperature of 298.15K.
The bond energy of a diatomic molecule is thus 
the enthalpy of atomization of the molecule, or, converse­
ly, the negative enthalpy of formation of the molecule 
from its constituent atoms in their standard states at 
298.15K.
Similarly, for a polyatomic molecule, the maxi­
mum bond strength of a particular chemical bond is theore­
tically given by the minimum in the corresponding ground 
state potential energy hypersurface. According to tne 
principal concepts of wave mechanics, the covalent bond 
strength is a function of the related orbital overlap 
integral; in polyatomic molecules it is" possible to judge 
qualitatively the relative strengths of chemical bonds 
from the character of the bonding orbitals. The theory 
of wave mechanics depicts a molecule as a complete elec­
tronic unit and associates chemical bond formation with 
the transfer of electrons from localised atomic orbitals 
to delocalised molecular orbitals enveloping the entire 
molecule. On this broad basis, therefore, the bond strength 
is a measure of the electronic forces which bind a component 
atom, not only to an adjacent atom, but to the molecule 
as a whole. The bond strength is also identified as the 
energy required to break a chemical bond, that is, the 
bond dissociation energy.
Similarly, the definition of "bond energy" can be 
extended to polyatomic molecules. For the reaction
A B C  (g)  — >  xA(g) + yB(g) + zC(g)
x y z
the enthalpy change (AH) at 298..15K and one atmosphere 
pressure, is the sum of all the bond energies (EE).
A problem immediately arises : how must the total
bond energy of the molecule be allocated amongst the 
various bonds present, as only fortuitously will E(A-B) 
be equal to E (B-C) or E(A-C) . For example, in the case 
of methane, where all the bonds are equivalent, the total 
bond energy (EE) will be equal to the enthalpy of atomi­
zation (AHa) of methane, and the individual E(C-H) bond 
energy will be a quarter of this. The enthalpy of atomi­
zation of methane is AHa(CH^) = 397.15 kcal/mol and there­
fore the average C-H bond energy is E(C-H) = 99.3 kcal.
It is possible to measure the energy needed to break the 
successive C-H bonds in methane: E(H^C-H) = 104 kcal, 
E(H.C-H) = 106 kcal, E(HC-H) = 106 kcal and E(C-H) = 81 
kcal. The average of these, E(C-H), is, of course 99.3 
kcal. The changes in E(C-H) can be explained by the energy 
needed to "promote" the carbon atom from the ground state
to the valence state, with the appropriate hybridization
3 2of the orbitals, i.e., sp , sp or sp.
For monochloromethane, where EE = 376.7 kcal it 
is highly unlikely that E(C-H) will be 376.7/4 = 94.2 kcal, 
as this assumes the C-H bond to be equal in strength to 
C-Cl. If one assumes that E(C-H) is constant for all
molecules, one can use E(C-H) derived from methane, so by 
difference, E(C-C1) = 78.8 kcal.
The additivity of bond energies is well illustrated 
by the hydrocarbons and a number of schemes have been 
devised1 which enable surprisingly accurate estimations 
of enthalpies of atomization, and hence enthalpies of 
formation, to be made. One of the simplest of these is
due to Laidler2 who, from a consideration of a large num­
ber of compounds, assigned bond energies to the different 
types of bonds. An extensive list of the Laidler para­
meters, based on the critical tables of data, has recently 
been prepared by Cox and Pilcher1. Use of these bond ener­
gies permits calculation of the enthalpy of atomization 
of the molecule or, if this is known,- the bond energy
of a particular bond can be obtained.
The agreement between the experimental values for 
enthalpies of atomization and those calculated from bond 
energies is remarkably good, except in the cases where 
resonance or steric effects are known to occur. To over­
come this problem, some more sophisticated methods have 
been developed, a good review of them being given by Cox 
and Pilcher1.
The various methods of determining bond dissocia­
tion energies have been reviewed in detail by Cottrell3. 
From the viewpoint of the present work, the thermochemical 
method is the most relevant, that is, either the heat 
of formation of the bond, or the energy required to break 
it, is measured directly.
It is appreciated that an approximation has been 
introduced, for fracture of a chemical bond in a poly-
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atomic molecule, is either facilitated or hindered by its 
immediate electronic environment, so that the bond dissocia­
tion energy is not a true measure of the bond strength.
Also, the measured bond dissociation energy is intimately 
associated with the reorganisational energy of the molecu­
lar fragments produced by the dissociation process.
In the present work, certain conventions are adopted 
in defining the metal-ligand bond energy parameter E(M-L), 
in order to avoid ambiguity. Following the general defini­
tion of Evans and Szwarc4, E(M-L) is specified as the aver­
age metal-ligand bond dissociation energy, and is equi­
valent vto the endothermicity of a hypothetical dissocia­
tion process in which all the bonds in the complex are 
stretched independently and simultaneously with the metal- 
ligand bond, such that the molecule swells infinitely with­
out losing its original shape. The quoted value of E(M-L) 
is the maximum possible, that is, each component in the 
dissociation reaction is considered to assume its lowest, 
most stable energy,state at the reference temperature 
(298.15K). Thus the reorganisational energy associated 
with the ligand is ignored, and the exact "reacting state" 
of the metal and ligand is not specified.
E(M-L), in the general case, is the resultant 
of three interrelated and inseparable components : the 
covalent, ionic and tt bond energies. The mono-ligand 
complex ML may be considered as being formed from gaseous 
metal cations and gaseous ligand anions in their respec­
tive ground state configuration:
Mm + (g) + L1-(g) = M L (m~1) (g) AH'f = -E' (M-L)
AH'f is a direct measure of the metal-ligand heterolytic 
coordinate bond energy, E 1(M-L). In the special case where 
the integers m and 1 are equal, and a neutral complex 
results, the latter may also be considered as being formed 
from gaseous metal atoms and gaseous ligand molecules 
(or radicals), -all in their respective ground energy 
states :
M(g) + L(g) = M L (g) AH"f = -E"(M-L)
AH"f is numerically equal to the metal-ligand homolytic 
coordinate bond energy, E"(M-L).
AH'f and AH"f are generally referred to as "heats 
of ligation"; neither is equal to the standard enthalpy 
of formation of the complex, since the latter has not been 
formed from its elements. The two bond energy parameters 
for the neutral complex are related by the general equa­
tion5 :
i=m
E' (M-L) = E"-(M-L) + ) I ± + m(5/2RT) - mE^
1=1
where I. is the ionisation potential for removal of the 
i
ith electron from the metal, the term m(5/2RT) corrects 
the ionisation potential summation to the reference tem­
perature (298.15K), El is the electron affinity of the 
ligand, and m is the oxidation number of the metal.
The metal-ligand coordinate bond energy is cur- . 
rently a parameter of immense theoretical significance, 
yet in spite of this, the heats of formation of remark­
ably few coordination compounds have been reported and, 
of these, even fewer have been measured directly.
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It is difficult to find suitable series of coordi­
nation compounds which would permit the determination of 
additive bond energies and all investigations have been
directed to compounds ML , where all the ligands are the
■ x  .
same.
Cotton6 has calculated the enthalpy of formation
at 298.15K of several bipositive hexammine cations
[M(NH3)6']2+ in the gas phase (M = Ca, Mn, Fe, Co, Ni and
Zn), and hence the average metal-nitrogen coordinate bond
energy. Paoletti and co-workers718’9 derived the metal-
chlorine and metal-bromine coordinate bond energies in
2 -the tetrahedral anionic complexes [MX^ ] (M = Mn, Fe,
Co, Ni, Cu, Zn; X = Cl or Br). Cotton et al10 measured 
the heat of combination of chromium, molybdenum and tung­
sten hexacarbonyls, iron pentacarbonyl and nickel tetra- 
carbonyl, and calculated the respective standard heat 
of formation and mean metal-carbon coordinate bond energy 
at 298.15K. Skinner1Reviewed the experimental values 
of the average bond dissociation energies, D(M-X) in gas­
eous molecules MX (X = H, CH3, F and Cl) and by compar­
ing them with the values calculated from the Pauling equa­
tion12, suggested a new approach for this treatment.
Jones and co-workers 511311^115, using a Parr adia­
batic static bomb calorimeter, have measured the enthal­
pies of combustion of a large variety of inner complexes, 
including some trivalent metal acetylacetonates. The stan­
dard heat of formation at 298.15K of the complex was cal­
culated together with the mean metal-ligand homolytic co­
ordinate bond energy.
Irving and co-workers, using a solution calori­
meter, have measured the enthalpies of formation at 298.15K
of several metal-acetylacetonates (metal = A l (III)16,
Cr (III)17, Fe(III)18/ Mn(III)19, Ga(III)2 0, Be(II)21, 
Ni(II)21, Cu(II)21, Zn(II)21•and Cd(II)21), and evaluated 
the homolytic coordinate bond energy from the calculated 
enthalpy change for the corresponding gaseous formation 
process at 298.15K.
The recent work of Ashcroft and Mortimer22 pre­
sents a good compilation of results and bibliographic 
references of measurements of thermodynamic properties 
in metal-8-diketonates in particular, and in other transi­
tion metal complexes in general.
Besides the compilations of thermodynamical cri­
tical data already mentioned1'22, other very useful cri­
tical data can be found in the N.B.S. Technical Notes2 31 
2 4 i 2 5.i 2 61 2X? an(j in the compilation of Stull et al28-
In the present work the standard enthalpy of 
formation of the crystal inner complex was determined ex­
perimentally, and the homolytic coordinate bond energy 
(E) was evaluated from the calculated enthalpy change for 
the corresponding gaseous formation process at 298.15K.
For example, for a tetrahedral complex,
M(g) + 4L(g) --- > ML^(g) AHf.r.
and so E = -%AHf ,
being the enthalpy change of the process (AHf r^ ^) cal­
culated from the standard enthalpies of formation of all 
the above species, in gaseous state, at 298.15K and 1 at­
mosphere pressure. It is important to point out that the 
■ parameter E, defined in this way, only has significance 
if all ligands are the same.
The necessary standard enthalpies of formation
can only be obtained if the different compounds involved 
in the calculation procedure are sufficiently volatile 
for their enthalpies of vaporization or sublimation to 
be determined. These considerations impose many restric­
tions on the type of compounds which can be measured.
"The m e t a l - 3-diketonates are amenable to study, 
because the non—ionic ones are volatile enough for their 
standard enthalpies of sublimation to be measured. Fur­
ther, the oxygen atoms of the ligands are equivalent2 9.
1.2 - 3-Diketones and derivatives
1.2.1 - History
Since the preparation of acetylacetone and simi­
lar 3-dicarbonyl compounds in the latter half of the
nineteenth century, organic chemists have had consider-
• x
able interest in their properties and reactions. The best 
known phenomenon of 3-dicarbonyls is their participation 
in tautomeric equilibrium of keto and enol structures.
Early studies with 3-dicarbonyls revealed that these 
compounds exhibited chemical properties of both the di- 
carbonyl and unsaturated hydroxyketone structures. 
Laar30, in 1885, in an unsuccessful attempt to explain 
this anomalous behaviour, quoted the word "tautomerism" 
which has survived to the present. By the beginning of 
this century it was generally accepted that the proper­
ties of 3-dicarbonyls resulted from the "pure" compound 
existing as a mixture of both keto and enol tautomers.
Since these days, tautomeric equilibria have been the 
subject of continued interest. Investigations of this 
phenomenon were reported as recently as 19653 1’32.
The inorganic chemist has also long been fascinated 
by the variety of compounds that form from the reaction of 
metallic and metalloidal elements with the enolic form of 
3-diketones. The preparation of some metal derivatives of 
acetylacetone was described as early as 18873 3 . The inter­
est in organic derivatives of acetylacetone increased stead­
ily and in 1914 Morgan and Moss34, in what appears to be 
the first review of acetylacetone complexes, cited some 
39 known complexes. Since then, the interest in deriva­
tives and complexes of 3~diketones has increased, which can 
be appreciated from the recent review by Fackler3 5 in which 
he states "complexes with 3-ketoenols have been reported 
for all of the nonradioactive metallic or metalloidal ele­
ments in the periodic table" and "the number of 3-diketones 
known to form metal complexes certainly exceeds one hundred, 
and more potential ligands are prepared each year".
Since a wide variety of substituents can appear 
at R^, R2 or Rg of the 3-diketone, it is desirable to 
use abbreviations for some of the various 3-ketoenols 
which have been extensively studied. Unfortunately, a 
unique system of abbreviations has not been agreed on 
so far, and so the same compound appears in the literature 
under different abbreviations. Throughout this thesis, 
the 3-diketones will be generally abbreviated as "Hlig",
"H" being the enolic hydrogen atom, and "lig" the abbrevia-
tion for the rest of the structure. The abbreviations 
.used are resumed in Table 1.
1.2.2 - Nomenclature of g-diketones
Although in some of the literature the g-diketones 
appear under their T.U.P.A.C. systematic names, it is 
much more common, to find these compounds referred to by 
their trivial names, as this usually implies some kind 
of simplification. Table 1 resumes the systematic names, 
the trivial names, the formulae and the abbreviations 
of all:the g-diketones referred to in the present work.
1.2.3 - Synthesis of metal complexes
Fernelius and Bryant3 6 summarized the various 
procedures^used before 1957 for the synthesis of metal com­
plexes of g-ketoenols. A thorough description of the 
often quoted "metal acetate procedure", which has become 
very useful with bivalent ions, has been recorded by 
Charles and Pawlikowski3 7. However, some care must be 
taken when using this technique, since products may be 
contaminated by acetate3 8.
Jones3 9 modified the aqueous solution synthesis3 6 
from a metal salt; this method requires that the metal salt 
be soluble in strongly basic or ammoniacal solution.
Some metal ions, however, give basic complexes3 9, so 
caution is again necessary.
Larson and Moore40 and Dunne and Cotton41 pre­
pared some metal-acetylacetonates by refluxing the g- 
diketone with the appropriate metal carbonyl; Goan et al4 2 
improved this procedure by irradiating the reaction mix-
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1.2.4 - Applications *
Besides the academic interest that g-diketones 
provide for the chemists, these compounds have become 
quite useful, not only as tools in chemistry, but also 
where practical applications are concerned. Possible 
applications exist in the areas of:
- solvent extraction (rare earths, lanthanides 
and actinides);
- fractional separation of metals ;
- mass spectrometric determination of a metal in 
a mixture, using an integrated current method;
- spectrometric determination of uranium;
- fluorometrie determination of metals ;
- fluorescene production;
- inhibitors of aluminium in alkaline media;
- solvent for dissolution of various metals;
- liquid organometal1ic lasers;
• - convenient methods of research in Physical Or­
ganic Chemistry as a typical polar reaction to . 
elucidate structural effects or acid-base cataly 
sis ;
- elucidation of structural arrangements of differ 
ent atoms in inorganic molecules;
f .
- control of soil-borne fungi;
- determination of. <5-aminolevulinic acid in urine;
- insecticides ;
- catalysts for polymerization.
1.2.5 - Structure of metal-acetylacetonates
Acetylacetone is a weak acid (pKa = 8.8)4 3 and 
the 3-proton can be lost easily to give the enolate anion. 
This enolate anion has a five-atom ir network extending 
over the two oxygen and three non-terminal carbon atoms. 
Six electrons occupy the resulting ir-type molecular or­
bitals. The enolate anion thus has a delocalized symmet­
ric structure and is often represented by:
X .
\ .
Besides the usual bidentate manner of bonding, 
acetylacetone can be monodentate and can also bridge 
atoms in a number of ways4 4. Some representative struc­
tures are shown in.figures 2, 3 and 4.
The most frequently occurring acetylacetonate 
derivatives are those in which the enolate anion is co­
ordinated to the central metal atom through both oxygen 
atoms. A classical example is the tris-(acetylacetonate)- 
aluminium(III) complex, whose structure has been deter­
mined by X-ray techniques45. Crystallographic data shows 
that the two chelate ring C-C bond distances are equal, 
as are the two C-0 bond distances. Crystallographic 
studies4 5 for numerous other octahedral acetylacetonate 
complexes show that all coordinate enolate anions have 
the same symmetry, and that in each complex the six M-0
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bond distances are equal, within the experimental error. 
’Further, the same crystallographic studies45 gave the 
value-of.1.390a  for the average C-C ring distance, which 
is approximately equal to the standard aromatic value 
(1.3948)46; the average C-0 distance was found to be 
1.2748 which is intermediate between single (1.368)45 
and double (1.2158)45 bond lengths. This is consistent 
with a ïï-electron system including the carbon and oxygen 
atoms of the chelate ring. Lingafelter and Braun45, by 
means of a simple Hückel molecular orbital calculation 
of the bond orders and conversion into bond lengths by the 
equations of Bernstein47, found the bond lengths of 1.2748 
for C-0 and 1.3958 for C-C (ring), which are in excellent 
agreement with the average measured values of 1.2748 
and 1.39o8X, despite the usual marginal accuracy of the 
Hückel molecular orbital method.
When acetylacetone acts as a simple Lewis acid- 
base adduct, it does not lose its acid proton to form 
an enolate anion, but, rather as the neutral molecule in 
the keto tautomer, donates electrons from the oxygens of 
each carbonyl to an acceptor or acidic species. Examples 
of this type of complex are the six coordinate adducts 
formed between typically strong Lewis acids as titanium 
tetrachloride and acetylacetone. Figure 2 shows an 
example of this type of bonding. These donor-acceptor 
complexes are often reactive with respect to loss of 
the acidic ring proton to give the chelated acetylaceto­
nate complex.
Various aspects of this subject have been treated 
in several review papers4 8 , 4 9 '5 0'51'52'53'54_
1.2.6- 3-Diketones as acids
3-diketones are weak acids, stronger than phenol 
(except the dipivaloylmethane) but weaker than acetic acid 
and benzoic acid. Table 2 resumes the relative acidities 
of these ligands, by means of their pK& values. As it 
can be seen the differences observed in the reported values 
are due to different techniques employed on their determi­
nation.
Table 2 - Some pK^ values at 25°C
Compound P%a Ref.
Acetylacetone 9.00 55,56
8.77 43
8.8 57
8.99 58
8.82(20°C) 59
8.84(20°C) 60
Trifluoroacetylacetone 6.79 58
Hexafluoroacetylacetone 5.35- 58
Dipivaloylmethane 11.77 61
11.57(20°C) 60
Tropolone 6.95 62,68
6.7 63
7.00 - 64,69
6.97 65,66
6.71 67
6.92 68
Methyltropolbne 7.92 68
Benzoylacetone 8.74 58
Phenol 10.0 68
Acetic acid 4.8 68
Benzoic acid 4.2 68
1.3 - Tropolones and tropolonates
The existence of tropolone was first suggested by 
Dewar7 0 in 1945 when he postulated the presence of seven 
membered carbon rings in the structure of natural pro­
ducts. These structures were later confirmed and in the 
early 1950s the first syntheses of tropolone itself were 
reported71' 7 2 1 7 3 1 7 4 .
A large number of tropolone derivatives have now 
been isolated as natural products or synthesised, and 
many of these are reported in an excellent review by 
Pauson68.
Tropolone is the 2-hydroxycyclohept-2,4,6-triene- 
1-one, but its trivial name has been in constant and 
widespread use since 1945, and "Chemical Abstracts" still 
uses it. The ring substitution positions in tropolone 
and its derivatives are identified by their numerical 
position, starting in the ketonic group and going in the 
direction of the hydroxyl group.
0 OH
7
An important property of all compounds contain­
ing the tropolone ring nucleus is aromatic character. 
The existence of such behaviour is explained by the 
highly mobile tautomeric equilibrium, which gives rise 
to electron délocalisation over the planar ring, with
resultant aromaticity. (See Figure 5)
As indicated by Dewar75, this behaviour is not, 
however, identical with resonance délocalisation which is 
exhibited by benzene, and consideration of the time aver­
age structure for tropolone, shows that the hydrogen atom 
involved, is effectively partially bonded to both the 
oxygen atoms. 'This infers a loss of ketonic function 
in tropolone type compounds which is, indeed, found in 
its chemical behaviour71. *
It is interesting to note that the authors7 6 
of a recent study of NMR proton coupling constants for 
tropolone, found their results to indicate that there 
is little or no aromatic character in tropolone, which 
should be considered as a polyenone, with localized 
olefinic linkages. Such a system should exhibit a varia­
tion in carbon-carbon bond lengths around the ring, since 
single" and double bonds would be present. However, a 
recent single crystal X-ray analysis of the tropolone 
structure7 7 shows no large variation in carbon-carbon 
bond lengths,the average distance being 1.4072, which
approaches the standard aromatic value (1.394R4 6). The 
•NMR results should, therefore, be considered with cau­
tion.
Being the first examples of non benzenoid, 
aromatic compounds, tropolones and their analogues have 
been of great interest to chemists, and much of the 
work carried out with them has been the subject of a num­
ber of reviews6 8 » 7 8 > 7 9 1 8 0 .
Tropolone has been studied very extensively as 
a ligand. The resulting complexes may be either neutral 
or charged, depending upon the number of ligands coordi­
nate (n) and the charge of the central metal ion (z).
The tropolone ligand is bidentate and coordinates as a 
single charged anion, the labile -OH hydrogen atom hav­
ing been lost prior to coordination.. Thus for neutral com­
plexes, n = z. Tropolone is a weak acid (pK = 6.9765'66) 
and so can lose easily the hydrogen atom. The mode of 
coordination can be formally compared with that of. the 
g-diketones in general, and acetylacetone in particular.
It is,therefore, reasonable to expect some similarities 
between tropolone chelates and g-diketone chelates. How­
ever, the structure characteristics of these different 
types of ligand are important. Tropolone is a small, 
compact, planar molecule, while acetylacetone, which 
represents the smallest g-diketone, is still comparative­
ly bulky. When such factors as size and compactness be­
come important in the formation of metal chelates, dif­
ferences between tropolonates and acetylacetonates may 
be observed.
Tropolonates are much more stable than acetyl-
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acetonates of a comparable acidity, as was shown by work 
on their formation constants65180,81182. The 
order of stability of those complexes of the form frd (trop) , 
however, is the same as has been found for ethylene dia­
mine8 3 ' 8 ^ , ammonia8 3 and many g-diketones86'86'8 this
i s  ' . v \ /  :; v ' ■ 1 :
VO > Cu > Be > Pb > (Zn,Ni) > Co > Mg > Ca
A review on different complexes of tropolone and 
its derivatives was given by Post .
1.4 - Available data on crystal structure and stability
constants for the considered metal-g-diketonates 
Thh available literature, does not provide us 
with much data for the eleven metal-g-diketonates con­
sidered in the present thesis. However, the available 
data is registered in Tables 3 and 4.
Table 3 - Crystal structure data
Complex Average M-0 
Bond length 
(2)
Average O-M-O 
Bond angle
References
ÜBe (acac) 2J Z; 05 5 ^2.0 45
[A1 (acac) 3 ] 1.892 / 91.8 '/ 45.
[Ni (dpm) 2] 1.836 94.6 89
[Cu (trop) 2 ] 1.909 84.7 90
[Al (trop) g] 1.888 82.6 91
Table 4 - Stability constant data
Complex Temp. Medium log k References
[Ni (dpm) 2 ] 25°C 75% dioxane ki=9-9 k2=9-1 92
[Cu (trop) 2 ] 30°C 50% dioxane
CO*IIH
k 2=7-0 66,80,81
[Be (trop) 2 ] 30°C 50% dioxane k2=7‘9 66, 80
1.5 - The metal-oxygen bond characteristics
The electronic structure of metal-oxygen coordi­
nate bond in acetylacetonate complexes has been the sub­
ject of considerable attention. Especially interesting 
have been the questions of aromaticity or benzenoid re­
sonance and ring currents arising .via the participation 
of appropriate metal d orbitals in dw-pw bonding with 
the ligand. Chemical and physical studies have provided 
evidence concerning the electronic structure of the chel­
ate ring.
Morgan and Moss34 in 1914 presented the first 
theoretical discussion of bonding in metal acetylaceton­
ate s, and Calvin and Wilson93 in 1945 first suggested 
the importance of "benzenoid resonance" in metal-chelates 
of 3-ketoenoiates. In 1956, an X-ray crystallographic9 4 
study of tris(acetylacetonato)iron(III), showed that 
the pairs M-0, C-0 and C-C bond distances were equal 
within experimental error, and this unambiguously excluded 
the existence of localized double bonds in the enolate 
anion. Further, the six-membered ring formed with the 
iron is essentially planar and the ring C-C bond dis-
tances are 1.3758, which is quite close to the 1.3948 
C-C bond distances in benzene. A more detailed study4 5 
showed that for thirteen acetylacetone complexes the six- 
membered ring is planar, and that the average ring C-C 
bond distance is 1.39o8. Thus, there is no question that 
the acetylacetone anion can be properly considered as 
a resonance hybrid of the canonical forms illustrated 
below or, in terms of molecular orbital theory, as hav­
ing a delocalized t t  electronic system over at least the 
five ring ligand atoms.
/
M
\
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Although crystallographic data are all consist­
ent with the idea of "benzenoid resonance", they are not 
conclusive since these results may be explained by reson­
ance stabilization in the ligand alone, and from an ex­
tensive NMR and UV spectral study of acetylacetonate 
complexes it was concluded9 5 "that the NMR spectra of 
diamagnetic complexes provide no support for (but not 
exclude) the postulate of benzenoid resonance in the 
chelate ring". However, it was pointed out that little 
is known about aromatic heterocycles containing more than 
one heteroatom.
Double bonds between metals and donor systems 
may be of the dîT-ptr or dir-dir type, the first being exempli­
fied by the complex cyanides, and the second by the complex
/
\
(
,/
\
0
/
/
M( + )
\
0 /
0
Y / \
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phosphine halides. The mechanism of tt bonding is such 
that it tends to relieve the charge accumulation on the 
metal and ligand, established by the primary a bonding. 
The crystal field stabilisation energy A is increased, 
resulting in an enhanced overall stability of the complex 
Such a a-Tr synergic interaction may be represented as 
M <— -L. In the metal acetylacetonates a converse t t  
mechanism probably operates, in which electrons are trans 
ferred from the ligand to the metal, both by primary 
a bonding and secondary t t  bonding, represented as M L 
The formal charges on the metal and ligand are increased; 
the crystal field parameter A is decreased, leading to an 
overall destabilization of the complex. Using the ter­
minology of the molecular orbital theory, both the triple
degenerate t9 nonbonding orbitals on the metal and the zg
t^u triple degenerate bonding orbitals of the ligand 
are occupied, the latter being employed for primary a 
bonding. Thus t t  bonding is only made possible by the 
overlap of t^g bonding orbitals on the metal, with t^u 
antibonding orbitals on the ligand (dn*-pn*). The Paul­
ing valence bond theory explains this unfavourable type 
of secondary bonding as partial donation of electrons 
from the pz unhybridized orbital on the oxygen to the 
dxz orbital on the metal. Thus, there is no parallel 
between t t  bonding in the metal acetylacetonates and that
i
believed to occur in, for example, the complex cyanides 
or carbonyls.
The nuclear magnetic resonance and ultra-violet 
spectroscopic data given by Cotton and Holm95 support 
the existence of weak t t  bonding in the metal acetyl-
acetonates, which they regard as arising from inexpensive 
mixing of oxygen pu and metal pu and/or du orbitals where 
symmetry permits. Paramagnetic resonance experiments by 
Jarrett96, confirmed the presence of a six-membered ring 
and the hyperfine structure, superimposed on the primary 
spectra, could .only be rationalised if metal-oxygen u 
bonding was postulated. The Raman spectra of Al(III),
Ga(III) and In(III) trisacetylacetonates, obtained by 
Hester and Plane97, gave some evidence for the existence 
of weak du-du bonding in these complexes.
. The infrared spectra of metal acetylacetonates 
have been studied extensively by many investigators, 
notably Duval, Freymann and Lecomte98'99, who found that 
the spectra of all such complexes were closely inter­
related, variation of the metal producing only small devia­
tions in the overall spectrum. A cyclic chelate structure 
was concluded but no evidence for metal-oxygen u bonding 
was found. Kartell, McCarthy, Nakamoto and Ruby100 in­
vestigated the infrared spectra of A l (III), Co(III),
Cr(III) and Fe(III) trisacetylacetonates and from the as­
signed metal-oxygen vibration frequencies, calculated 
the metal-oxygen bond force constants , the large value 
found for aluminium-oxygen bond suggested that it was 
strongly covalent, whereas the smaller iron-oxygen bond 
force constant was consistent with an ionic metal-ligand 
bond; the. spectra of the aluminium complex gave no evid­
ence for u bonding. Bellamy101 postulated that the metal- 
oxygen bond force constant was directly related to the 
thermodynamic stability of the complex. The bond force 
constant is directly related to the bond energy parameter,
but for the metal acetylacetonates, no relationship be­
tween the two constants has yet been formulated. Bailar, 
Dismukes and Jones10 2 stated that such force constants 
were inaccurate, as the metal-oxygen vibrational modes 
were strongly coupled with three low frequency vibra­
tional modes of the acetylacetonate anion; thus, the 
pure metal-oxygen stretching frequency, and hence the 
related bond force constant, could not be evaluated. 
Forman and Orgel103 found their infrared data for Cr(III) 
Mn(III) and Fe (III) complexes consistent with a Jahn- 
Teller distortion in the Mn(III) complex, in agreement 
with the original, earlier prediction of Dunitz and Or­
gel104.
One of the most important single methods of in­
ferring semiquantitatively the extent of electron delocal 
sation in complexes is from an analysis of their optical 
spectra. Barnum105,106 has given an extensive theoreti­
cal interpretation of the electronic absorption spectra 
of acetylacetonate complexes, and has shown that certain 
specific electronic transitions can only be accounted 
for, if very weak metal-ligand u bonding occurs. Barnes 
postulates that such t t  bonding results from the overlap 
of metal t9 orbitals with t t  delocalised molecular or- 
bitals of the acetylacetonate anion, and not specific­
ally with a t^u antibonding orbital on either oxygen. 
However, as the three t^g orbitals on the metal are mutu­
ally orthogonal, delocalised u electrons cannot move 
freely in a circular path around the six-membered ring, 
due to the potential barrier sited at the metal. Reso­
nance is hindered and therefore the system is not ana­
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logous to benzene. The higher energy 4p orbitals on 
.the metal, which offer no such potential barrier, may 
participate in metal-ligand t t  bonding. Barnum has placed 
the acetylacetonate anion adjacent to water in the Shimura- 
Tsuchida spectrochemical series 10 7, and concludes that 
tt bonding in metal acetylacetonates is either very weak 
or non existent, as ligands which are known to form t t  
bonds occupy a higher relative position in the series.
It is tentatively suggested that secondary bond­
ing in metal acetylacetonates is a combination of two 
opposing ir bonding mechanisms, (i) dïï-pTr bonding, effected 
by inextensive orbital mixing and resulting in an increased 
A value, and (ii) dn*-pm* bonding which decreases the A 
value. It is apparent that if these two interactions 
counterbalance, either exactly or approximately, then the 
ir bonding component is effectively zero.
1. 6 - Units
The SI unit of energy is" the joule (J), which 
has been in use, principally by physicists, for many 
years. Chemists, however, have been, and still are, 
reluctant to abandon the calorie as their favoured energy 
unit, notwithstanding several attempts to convert them 
to the use of the joule. Some compilations of thermo­
chemical data employ the joule, but the majority, includ­
ing the latest National Bureau of Standard Tables, em­
ploy the calorie. Throughout this work, the "thermochemi­
cal calorie" (cal) will be used. This unit is related
to the joule by definition: 1 thermochemical calorie (cal)
: : :
= 4.184 J exactly108.
The 19 61 Table of Relative Atomic Weights, agreed 
•by both the "International Union of Pure and Applied 
Chemistry" and the "International Union of Pure and App­
lied Physics" will be used throughout this work. The
basis of the table is that the relative nuclidic mass 
12of C is taken as 12 exactly.
CHAPTER 2
GENERAL EXPERIMENTAL
PREPARATION, PURIFICATION 
AND ANALYSES
2 . 1 . 1  -  P r e p a r a t i o n  o f  t h e  l i g a n d s
2.1.1.1 ~ 2 ,2,6,6 -Tetramethyl-3,5-heptanedione. (Dipi- 
valoylmethane).(Hdpm)
Stage 1 - Preparation of ethyl pivalate
Ethyl pivalate was prepared by a similar method 
to that described by Brândstrôm10 9. Pivalic acid (tri­
methyl acetic acid) (102 g), 96% ethanol (140 ml), benzene 
(150 ml) and concentrated sulphuric acid (2 ml) were all 
added together in a 1 litre round-bottomed, one-necked 
flask. This was fitted with a Wideqvist separator11 °r 
and on top of this was placed a water condenser. The 
flask was heated with a mantle and the liquids were al­
lowed to reflux overnight; the water formed was run out 
through the tap of the separator, and the reflux was 
continued until the liquid collected in the separator 
consisted of one phase. After cooling,the benzene was 
allowed to run back into the reaction flask. The solu­
tion was transferred to a dropping funnel,washed several 
times with a cold saturated solution of sodium hydrogen 
carbonate until no more carbon dioxide was formed, twice 
washed with distilled water and dried over anhydrous 
potassium carbonate for two hours.
The liquid was distilled in order to separate 
the benzene, and the remainder of the liquid was frac­
tionated. 93 g of ethyl pivalate were collected in the 
range 113°/1180C. .
H.SO./CgHg
(CH^CCOOH t C ^ O H  % —  ^  (CH^^CCOOC^ +
Yield: 66%
Stage 2 - Preparation of dipivaloylmethane
Dipivaloylmethane was prepared by a Claisen 
condensation: acylation of pinacolone (2,2-dimethyl-3- 
butanone) with ethyl pivalate effected' with sodium hydride, 
according to a literature method111.
(ch3)3ccooc2h5 + CH3COC(CH3)3-^S*,(CH3)3CCOCH2COC(CH3)3 + c2H
Ethyl pivalate (50 g) and sodium hydride (36 g) 
(dispersed in mineral oil, 50% by weight) were added to 
1 #2-dimethoxyethane (500 ml) in a 1 litre, three necked 
reaction flask. The mixture was mechanically stirred, 
reasonably quickly, and brought up to reflux temperature.
Pinacolone (40 g) (dried over anhydrous magnes­
ium sulphate and distilled) in 1,2-dimethoxyethane (50 ml) 
was added from a dropping funnel over a period of 50 
minutes. Refluxing and stirring was continued for an 
hour after final addition, to ensure complete reaction. 
Concentrated hydrochloric acid (90 ml) was added from 
the dropping funnel as fast as the ensuing vigorous re­
action would allow.
The resulting clear liquid mixture was ice-cooled 
and poured into water (1 litre). After addition of n- 
pentane (250 ml) the organic layer was separated, washed 
with eight portions (125 ml) of water and dried over anhy­
drous magnesium sulphate (30 g) for 30 hours. The desr-
' '■ ' . " ■ , _ ccant was removed by filtration and the pentane solvent
evaporated off. The crude product was purified by frac­
tional distillation under reduced pressure (water pump).
The main fraction (50 g) distilled in the range 100 -102 C 
at 36 mm Eg. Some dipivaloylmethane was present in the 
other fractions and they were treated with ethanol and 
cupric acetate solution112, to separate the diketone as 
its copper(II) salt. A small amount of the complex was 
recrystallised from petroleum ether (60o/80°C): m.p. = 
1960-1970C. The overall yield for the preparation of di­
pivaloylmethane was 65%.
The dipivaloylmethane was purified by successive 
fractional distillations, under vacuum, through a Vigreux 
column, the midfraction from each one being used, for a 
further fractionation; it was stored under nitrogen, in 
the dark. (b.p = 70-71°C at 5 mm Eg)
The purity of the g-diketone was checked by 
Gas-LiquicJ-Chromatography (G.L.C.) , using two different 
columns, and no impurity could be detected. Carbon and 
Eydrogen analyses of these and the other compounds were 
made by the Microanalytical Service of the University of 
Surrey and are collected in Table 5.
2.1.1.2 - 2,2-Dimethyl-3,5-heptanedione.(Pivaloylpropionyl- 
methane).(Epiprm)
Stage 1 - Ethyl propionate
"DDE Lab. Reagent" ethyl propionate was purified 
by distillation, the purest fraction being collected in 
the range 96-102°C (b.p = 99.1 C113 ) .
Stage 2 - Preparation of the g-diketone
The 8-diketone was prepared by the acylation of 
pinacolone with ethyl propionate, according to the general
method described by Adams and Hauser 11 4 .
NaNHp
. c h 3c h 2c o o c 2h 5-+g h 3c o c (c h 3) 3  ->c h 3c h 2c q c h 2c o c (c h 3) 3+c 2h 5oh
Into a three-necked round-bottomed quick-fit 
flask, equipped with a mercury-sealed stirrer, a stopper 
and a dry-ice condenser (with a drying tube), anhydrous 
liquid ammonia (300 ml) was placed. To the stirred ammonia, 
clean metallic sodium (34 g)'in small portions and a small 
crystal of ferric nitrate (catalyst for sodium amide for­
mation) were added. After the conversion of the sodium 
into sodium amide was complete, as indicated by the change 
of the blue solution to a dark grey suspension, the dry- 
ice condenser was replaced by a water condenser and the 
stopper replaced by a dropping funnel. The ammonia was 
then evaporated by means of a heater mantle, sufficient 
anhydrous ether being added through the dropping funnel 
so that the volume of the liquid remained at approximately 
300 ml. After almost all the ammonia had been evaporated 
(indicated by the refluxing of the ether), the suspension 
of sodium amide was stirred and refluxed for a few minutes 
and then cooled to room temperature.
To the stirred suspension of sodium amide, a 
solution of pinacolone (75 ml) in ether (100 ml) was added. 
After five minutes (when the sodium derivative of the ke­
tone was assumed to be formed, a solution of ethyl pro­
pionate (140 ml) in ether (100 ml) was added and stirr­
ing continued for two hours while the mixture was refluxed 
on the heater mantle. The mixture containing a gelatinous
precipitate of the sodium salt of the 3-diketone, was 
poured into 300 ml of water, neutralized with dilute hydro 
chloric acid and extracted with ether. The ether was eva­
porated off from the extracted solution and the residue 
dissolved in an equal volume of methanol. The 3—diketone 
was separated as its copper (II) salt by the addition of 
a concentrated.solution of copper(II) acetate until no 
further precipitation occurred. The copper chelate was 
filtered off and dried. Yield 50.2 g (45%).
A small amount of the copper(II) chelate was 
recrystallized from methanol : m.p. = 117 -117.5 C.
The free 3-diketone was regenerated by decomposi­
tion of the complex with 10% sulphuric acid and extraction 
with ether. The ether was distilled•and the residue was 
successively fractionated under v a c u u m ,  through a Vigreux 
column. (b.p = 72-74°C at 9 mm Hg) The 3-diketone was 
stored under nitrogen, in the dark.
The purity of the 3-diketone was checked by 
G.L.C., using two different columns and no impurity coula 
be detected. (Analyses : Table 5)
2.1.1.3 - 2,2,6-Trimethyl-3,5-heptanedione.(Isobutyryl- 
pivaloylmethane.(Hibpm)
Stage 1 - Preparation of ethyl-isobutyrate .
Ethyl-isobutyrate was prepared by the estérifica­
tion of isobutyric acid with ethanol by a similar method 
to that suggested by Brândstrôm1 °9, according to the follow­
ing equation.
H.SQ./C.Hr
(c h 3)2c h c o o h + c 2h 5oh \  4 (c h 3)2c h c o o c2h 5 + h20
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The ester was purified by fractionation, and 
the fraction (160 ml) collected at 1Ô9 —111 C (b.p —
111. 0°C113 ) gave a yield of 60%.
Stage 2 - Preparation of the g-diketone
The B"diketone was prepared by the acylation 
of pinacolone with ethyl-isobutyrate, according to Adams 
and Hauser11‘as described by the following equation.
NaNH9
(CHgigCCOCHg+fCHg/gCHCOOCgHs:--- -^(CHgygCCOCHzCOCHtCHgrz+CzHsOH
The yield of copper(II) chelate was 56% (60.3 g),
and a recrystallized sample (from methanol) of the com-
O '
plex gave a m.p. = 114 C.
The 3-diketone was recovered from its copper(II)
chelate, as described before, and purified by successive
x t
fractionations under vacuum as in the previous preparations.
(b.p = 82-83°C at 12 mm Hg) The purified 3-diketone 
was stored under nitrogen, in the dark.
The purity of the 3—diketone was checked by 
G.L.C., using two different columns and no impurity could 
be detected. (Analyses: Table 5)
2.1.1.4 - 2,6-Dimethyl-3,5-heptanedione.(Diisobutyryl-
methane).(Hdibm)
Stage 1 - Preparation of ethyl-isobutyrate
See section 2.1.1.3, Stage 1, this thesis.
• (
Stage 2 - Preparation of the 3-diketone -
The 3-diketone was prepared by the acylation 
of isopropylmethyIketone with ethyl-isobutyrate, accord-
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ing to the general method of Adams and Hauser1 14 / according 
to the following equation.
NaNH9
(CH3)2CHCOCH3+(CH3)2CHCOOC2H5— — >(CH3)2CHCOCH2COCH(c h 3)2+c 2h 5oh
The yield of copper(II) chelate was 53% (29.6 g) and 
a recrystallized sample (from methanol) of the complex, 
presented a m.p, = 1260-1270C. (reported 125 -127 C 115)
The 3-diketone was recovered from its copper(II) 
chelate, as described before, and purified by successive 
fractionations under vacuum as in the previous preparations.
(b.p = 78/80°C at 13 mm Hg) The purified 8-diketone was
stored under nitrogen, in the dark.
The purity of the obtained 8-diketone was checked
by G.L.C., using two different columns, and no impurity
\
could be detected. (Analyses: Table 5)
2.1.1.5 - Tropolone.(Htrop)
Figure 6 resumes the different stages of 
preparation of 2-hydroxycyclohept—2,4,6—triene—1—one 
which is now generally known as tropolone.
Stage 1 - Preparation of cyclopentadiene
Dicyclopentadiene (500 ml) was heated to 170 - 
180oC in a normal distillation apparatus with a double­
surface condenser, using an oil bath. The cyclopentadiene 
was allowed to distil slowly overnight, and about 300 ml 
were collected by this method.
Stage 2 - Preparation of dichloroacetyl chloride
The method used was a modification of a general
Cyclopentadiene, 
freshly distilled
0o-5°C
CHClgCOCl
Pet. Ether (40O-60°C)
V
Cl
Reflux 5 days 
glac. CH^COOH
NaOH
H2 °
TROPOLONE
(isolated as copper(II) 
complex by addition of 
CuSO^ and NaHCO^ to 
neutralize).
Figure 6 - Preparation of Tropolone
method described in "Collected Organic Synthesis 
Freshly distilled thionyl chloride (100 ml) and dichloro- 
acetic acid (100 ml) were refluxed together overnight.
The reaction mixture was distilled under vacuum, the 
fraction boiling between 22 and 24 C (17 mm Hg pressure) 
being collected and used in Stage 3.
Stage 3 - Preparation of the adduct of cyclopentadiene
with dichloroketene
This was an adaptation of the method outlined 
by Stevens et al117. Cyclopentadiene (400 ml) was treated 
with dichloroacetylchloride (30 ml) and the mixture was 
cooled to 0°-5oC in an ice—salt bath. Triethylamine 
(60 ml) in petroleum ether (60o-80°C) (50 ml) was added
slowly with constant stirring, the temperature being 
kept below 5^C to avoid decomposition of the dichloro
X
ketene which was formed in situ. The voluminous off- 
white precipitate formed during the reaction was filtered 
off and washed well with petroleum ether (60O-80°C).
The c o m b i n e d  filtrates were distilled i n  a steam bath; 
the residues, containing the adduct, were collected, 
while the distillate was recycled, assuming that 10% 
of the cyclopentadiene had reacted. The distillate was 
therefore reacted as above with 25 ml of dichloroacetyl 
chloride and the equivalent amount of triethylamine.
The residues obtained were combined and, if 
required, distilled under reduced pressure. Using a 
water pump, the adduct distilled between 76 and .80 C.
In practice it was found that the same yield was obtained 
in the next stage of the tropolone preparation, and tne
mixture obtained after Stage 4, required the same attention 
in working it up, regardless of the purity of the adduct 
used in the reaction. . .
Stage 4 - Hydrolysis of the adduct to form tropolone
(i) Using the purified adduct
The literature method117 was followed exactly, 
but the yield from 25 ml of the adduct was only 1.2 g of 
the copper (II) complex. This compared unfavourably with 
the literature claim of an overall 52% yield of the com­
plex. The adduct used was prepared from 50 g of dichloro­
acetyl chloride.
(ii) Using the unpurified adduct
By trial and error, the best method of hydro- 
lising the adduct was found to be as follows. The adduct 
prepared from 80 ml (120 g) of dichloroacetyl chloride 
was dissolved in glacial acetic acid (1 litre), and to 
this was added sodium hydroxide (25 g) in water (50 ml).
The whole was refluxed for five days and allowed to cool. 
Copper(II) sulphate (40 g), in enough water to dissolve 
the salt, was added and the resulting mixture was filtered. 
Any organic layer present was removed using a separating 
funnel, and the solution was partially neutralized by 
adding, with vigorous stirring, a cold solution of sodium 
hydroxide (500 g) in water (1 litre), ice being added 
to keep the reaction mixture below its boiling point.
The resulting mixture was neutralized with the required 
amount of solid sodium bicarbonate, and filtered.. The 
filtrate was extracted repeatedly with chloroform until 
little colouration in the organic phase was observed.
while the solid residue was extracted with boiling chloro 
form. The chloroform extracts were evaporated to dryness
*
and to the residue was added a small amount of methanol. 
The undissolved solid was filtered off, washed well with 
methanol and recrystallized from chloroform. These crys­
tals were washed with methanol and dried. Overall yield 
was 30 g of the unpurified complex. Yield after purifi­
cation : 25 g. ~
A solution of copper (II) complex in chloroform 
was treated with hydrogen sulphide. Activated charcoal 
was then added to the solution to coagulate the colloidal 
sulphide, and the solution was filtered as soon as poss­
ible after charcoal addition. The brown-coloured liquid 
obtained was evaporated to dryness and the solid was
recrystallized from petroleum ether (40o-60°C), sublimed
\ -
and recrystallized again from the same solvent. The 
overall yield was 88%; m.p. = 51-52°C (reported 50o-51°C11 
(Analyses: Table 5)
2.1.1.6 - 4-Methyltropolone.(HMetrop)
See figure 7.
Stage 1 - Preparation of purpurogallin
The method outlined by Evans and Dehn11 8 was 
used. Sodium iodate monohydrate (32 g) was dissolved 
in water (400 ml) and added slowly, with stirring, to 
a solution of pyrogallol (40 g) in the minimum volume 
of water. The light brown precipitate was filtered off, 
washed with water until the filtrate was colourless, and 
dried. Yield 25 g (75%). A sample of the compound was
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Figure 7 —  Preparation of 4-rmethyltropolone
sublimed before microanalysis.
Stage 2 - Preparation of 3-carboxy-4-carboxymethyltro- 
p'olone
The method described by Haworth and Hobson119
was employed. Purpurogallin (15 g) was dissolved in
23% sodium hydroxide solution (129 g of sodium hydroxide
o
in 790 ml of water) and the solution was heated to 90 - 
95°C. Hydrogen peroxide (37 ml, 100 vol.) was added 
dropwise over a period of fifteen minutes, with stirring.
The resulting solution was cooled and sodium metabisulphite 
(8 g) was added, followed by cold 40% sulphuric acid 
(90 ml concentrated sulphuric acid and 315 g ice). Sul­
phur dioxide was evolved, the solution was filtered after 
standing overnight, and the clear, deep red solution
was extracted continuously for two days with ether.
\
Crystals were obtained with a small quantity 
of a red oil, by allowing the ether solution to evaporate 
slowly over a period of days. These crystals were separated 
washed with ether and dried.
Stage 3 - Preparation of 4-methyltropoione
The method used was outlined by Haworth and 
Hobson119 . The crystals obtained in Stage 2 were powdered 
and melted (180°C) with copious evolution of carbon di­
oxide. Some 4-methyltropolone was lost at this stage 
and more condensed on the sides of the tube. Tne liquid 
was allowed to cool and solidify, whereupon it was crushed 
a n d  4-methyltropolone was sublimed out of the grey powder 
product; 57% by weight of the fused product was isolated 
as 4-methyltropolone. The yield was 76% (calculated 
from the weight of 3-carboxy-4-carboxymethyltropolone
used), 6% of the quantity in moles of purpurogallin used.
After sublimation the solid 4-methyltropolone 
was recrystallized from petroleum ether (60o-80°C) and 
resublimed. The final product had a m.p. = .76°C (reported 
760-77°C119 and 76'°C120) . (Analyses: Table 5)
2.1.1.7 - 1,1/1,-Trifluoro-2,4-pentanedione.(Trifluoro-
acetylacetone).(Htfacac)
1 Grade pure Koch—Light Laboratories Ltd tri— 
fluoroacetylacetone was purified by successive fractiona 
tions, the midfraction from each one being used for a fur­
ther distillation. The 8 —diketone was stored under nitro 
gen, in the dark. The purity of the samples was controlled 
bv G.L.C., using two different columns, and no impurity
could be detected. (Analysis Table 5)
\  . .
The boiling point, determined in the purification 
fractionations, was found to be 107°C (reported I C ^ C 1 2 111 2 2)
2.1.1.8 - 1,1,1,5,5,5-Hexafluoro-2/4-pentanedione. (Hexa-
fluoroacetylacetone).(Hhfacac)
"Grade pure Koch-Light Laboratories Ltd" hexa- 
fluoroacetylacetone was dehydrated 1 23using the method 
of Bedford et al124. Hexafluoroacetylacetone (10 g) was 
shaken with approximately three times its volume of 98% 
sulphuric acid until the material was completely dis­
persed. The heat evolved during the initial stages of 
dehydration was removed by immersion of the flask.in cold 
water for a short time. After the mixture had been allowed 
to stand overnight, the anhydrous hexafluoroacetylacetone
7 1
was seen to separate as a colourless liquid over the 
•sulphuric acid, which was deeply coloured by decomposed 
organic materials. Dehydration of the product was re­
peated with a fresh batch of sulphuric acid. The final 
product was separated with a dropping funnel and the 
hexafluoroacetylacetone purified by successive fractionations, 
through a Vigreux column, the midfraction from each one 
being used for a further fractionation.
In order to keep the hexafluoroacetylacetone 
dehydrated, the distilled fractions were stored over phos­
phorous pentoxide12 5, under nitrogen in a stoppered flask
in the dark.
The boiling point, determined in the purifica­
tion fractionations, was found to be 70°C (reported 70.2 C124, 
630-650\C121and 69°G1 26 ) . (Analyses : Table 5)
2.1.2 - Preparation of the metal complexes
The preparation of the neutral complexes was
accomplished by the addition of the appropriate metal
ion to a slight excess of ligand. In some cases the
solution was buffered. The complexes were purified by
recrystallization or/and sublimation and were generally
o
dried for between two and three hours in vacuum at 60 C 
before being characterised by elemental analyses. The 
analytical results are shown in Table 5.
•Where the yield is not specified it may be 
considered to be almost quantitative, and unless the 
solubility characteristics of the complex are particular­
ly mentioned, the compound can be assumed to dissolve
in a wide range of organic solvents.
2.1.2.1 - Tris-(dipivaloylmethanato)-aluminium(III). 
[A1(dpm)3 ]
The method used in the preparation of tris-
(dipivaloylmethanato)—aluminium was outlined by Hammond 
et al112. A solution of* "AnalaR" aluminium potassium sul­
phate dodecahydrate (10 g) in water (200 ml) was buffered 
with sodium acetate (15 g). A solution of dipivaloylmethane 
(10.8 g) in ethanol (15 ml) was added slowly, with stirr­
ing,to the aluminium solution. Ethanol was added to the 
solution, with constant stirring, until no further pre­
cipitation occurred. The solution was boiled for one 
hour, cooled, and the aluminium complex filtered off and 
dried. The complex was recrystallized twice from ethanol
m.p. = 2630-2640C (reported 2640-265°C1 12). Yield 7.2 g 
(66%) . (Analyses : Table 5)
2.1.2.2 - Bis-(dipivaloylmethanato)-beryllium(II). [Be(dpm)2 ]
The method of Hammond et al112was used in the 
preparation of this complex.
Beryllium acetate was prepared by dissolving 
"AnalaR" beryllium sulphate tetrahydrate (3.0 g) in the 
minimum possible amount of water, and precipitating the 
beryllium oxide from this solution by addition of concen­
trated aqueous ammonia. The precipitate was filtered 
off, washed well with water (in the filter) and dissolved 
in the least possible amount of concentrated glacial 
acetic acid.
X
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The obtained solution of beryllium acetate was 
used to prepare the beryllium complex. A solution of 
dipivaloylmethane (6.3 g) in ethanol (15 ml) was added 
to the previous solution and concentrated aqueous ammonia 
was then added dropwise, with stirring. The chelate grad­
ually separated and was removed by filtration. The com­
plex was dried, recrystallized from acetone and sublimed 
under vacuum m.p. = 920-94°C (reported 93-970C112, 95°-97 C1 27) . 
Yield 4.2 g (66%). (Analyses : Table 5)
2.1.2.3 - Bis-(dipivaloylmethanato)-nickel(II). [Ni(dpm)g]
The method used by Hammond et al11 2 was used to ;
prepare this complex. A solution of "AnalaR" nickel(II) 
chloride hexahydrate (7.2 g) in water (100 ml) was buffered 
with sodium acetate (10 g). A solution of dipivaloyl­
methane (9.8 g) in ethanol (15 ml) was added slowly with 
continuous stirring, an abundant light green precipitate 
being formed. The precipitate was filtered off, washed 
■well in the filter,' with water, and dried in air. The 
green complex was twice recrystallized from petroleum ether 
(60o-80°C) and dried under vacuum (water pump) at 94°C, 
in the presence of phosphorus pentoxide, for 4 hours.
The complex colour changed from green to pinkish-red, 
which corresponds to the conversion of the dihydrate form 
(green) to the anhydrous form (pinkish-red)112. The nickel (II) 
complex was further purified by sublimation under vacuum.
Yield 5.8 g (53%) m.p. = 225°C (reported 225°C112 ) .(Analyses: 
Table 5)
2.1.2.4 - Tris-(trifluoroacetylacetonato)-aluminium(III).
[Al (tfacac) 3 ]
Tris-(trifluoroacetylacetonato)-aluminium was 
prepared by the method of Berg and Truemper12 8. A solu­
tion of "AnalaR" aluminium potassium sulphate dodeca­
hydrate (4.75 g) in water (100 ml) was buffered with 
sodium acetate (5 g). A solution of trifluoroacetylace­
tone (4.62 g) in ethanol (10 ml) was added to the metal 
solution, and shaken. A white precipitate was formed, 
and some more ethanol was added until the precipitation 
seemed completed. The precipitate was filtered off and 
dried, and was found to be a mixture of aluminium complex 
with aluminium oxide, with a large percentage of complex. 
The aluminium complex was extracted with hot benzene, 
recovered by complete evaporation of the benzene, dried, 
and twice sublimed under vacuum. Yield 4.2 g (86%) m.p. 
122.0°-122. 5°C (reported ll?0^  28,1 2911 3 0 , 1210-122°C13 !'13 
Carbon, hydrogen and aluminium analyses have been made 
(Table 5)
2.1.2.5 - Bis-(trifluoroacetylacetonato)-beryllium(II).
[Be(tfacac)2]
Bis-(trifluoroacetylacetonato)-beryllium was 
prepared by the same method used to prepare bis-(acetyl- 
acetonato)-beryllium133. Trifluoroacetylacetone (6.2 g) 
was suspended in water (30 ml) and 2 M aqueous ammonia 
was added dropwise until an almost clear solution was 
obtained; a small amount of ethanol (less than 5 ml) 
was added, and 2 M hydrochloric acid was added dropwise
/D
until neutral pH. This solution was mixed and stirred 
with a solution of "AnalaR" beryllium sulphate (3.6 g) 
in water (25 ml) . A white precipitate was. formed, fil­
tered off, dried, and twice sublimed under, vacuum. Yield
5.1 g (81%). m.p.' = 112°C (reported =
Analyses : Table 5)
2.1.2.6 - Tris-(tropolonato)-aluminium(III) . [Al(trop)3 ]
A solution of "AnalaR" aluminium potassium sul­
phate dodecahydrate (3.2 g ) in water (30 ml) was slowly 
added to a solution of tropolone (2.5 g) in ethanol (100 
ml). The ethanol was evaporated off by boiling until 
precipitation commenced, whereupon the solution was allowed 
to cool. The solid was filtered off, washed well with water, 
dried and recrystallized twice from a benzene/petroleum 
ether (80o-100°C) mixture. The melting point was above 
350°C; no decomposition was apparent at this temperature. 
Yield 2.0 g (76%). (Analyses : Table 5)
2 .1.2.7 - Bis-(tropolonato)-beryllium(II). [Be(trop)2 ]
Tropolone (3 g ) was dissolved in ethanol (50 
ml) and to this solution was added a solution of AnalaR 
beryllium sulphate (2.1 g ) in water (10 ml). The mixture 
was heated on a steam bath and a few drops of 2 M aqueous 
ammonia were added. The off-white precipitate was filtered 
•off, washed well with water, dried, and recrystallized 
twice f r o m  a chloroform/petroleum ether (60o-80°C) mix­
ture. Yield: 3.0 g (80%) m.p. — 209 —210 C. (Analyses.
Table 5)
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2.1.2.8 - Bis-(tropolonato)-copper(II). [Cu(trop)2]
The method of preparation used was identical to 
that used to prepare the aluminium complex, using "AnalaR" 
copper sulphate pentahydrate (2.0 g) and tropolone (2.0 g) . 
It was also prepared during the isolation of tropolone 
from its reaction mixture [see Section 2.1.1.5, Stage 
4 (ii), this thesis] . The complex was filtered off, 
washed with cold ethanol, dried, and recrystallized from 
benzene, m.p. = 298°C (dec) (reported 300oC 65). (Analyses : 
Table 5)
2.1.2.9 - Tris-(4-methyltropolonato)-aluminium(III).
[A1(Metrop)3]
This complex was prepared by the method used to
prepare the aluminium(III) tropolonate. A solution of
"AnalaR" aluminium potassium sulphate dodecahydrate (3.1 g)
in water (30 ml) was slowly added to a solution of 4-
methyltropolone (2.8 g) in ethanol (100 ml). The ethanol
was evaporated off by boiling until evaporation started,
whereupon the solution was allowed to cool. The solid was
filtered off, washed wel1 with water, dried, and recrystal
' o
lized twice from benzene. Yield 2.5 g (86%). m.p. = 316 
318°C (some decomposition took place from 300°C). (Analyses: 
Table 5)
2.1.3 - Preparation of other calorimetric reagents
2.1.3.1 - Aluminium(III) chloride hexahydrate
The "AnalaR" grade reagent was dissolved in the
minimum quantity of concentrated hydrochloric acid and 
hydrogen chloride gas passed continuously through the 
saturated solution to reprecipitate the pure salt134.
The white crystalline solid was filtered off, dried in 
a desiccator over sodium hydroxide pellets and analysed 
for aluminium. Calcd.: Al = 11.18%; Found: A1 .= 11.18% 
(11.18%, 11.18% and 11.17%) which corresponds to AlCl^, 
6.00H20.
The aluminium chloride hexahydrate was stored 
in the conditions registered above, and its composition 
was checked periodically by means of aluminium analyses.
No change of composition was found.
2.1.3.2 - Nickel(II) chloride hexahydrate
"AnalaR" grade nickel(II) chloride, hydrated,
\
was powdered and dried in a desiccator, under vacuum and 
over sodium hydroxide pellets, for 72 hours. Its composi­
tion was determined by means of nickel(II) analyses, 
periodically checked in the same way, and found to be 
NiCl2,6.00H20. \
2.1.3.3 - Beryllium sulphate tetrahydrate
"AnalaR" grade beryllium(II) sulphate tetrahy­
drate, was powdered and dried in a dessicator, under 
vacuum and over phosphorus pentoxide, for 48 hours.
Its composition was determined and periodically checked 
by means of beryllium analyses, and found to be BeS0^,4.00H2
• 2.1.3.4 - Copper (II) sulphate pentahydrate
"AnalaR" grade copper(II) sulphate pentahydrate
was powdered and dried in a desiccator, over, silica gel, 
for 48 hours. Its composition was determined by means 
of copper analyses and was found to be CuSO.,5.OOH^O.
2.1.3.5 - Constant boiling point hydrochloric acid
Concentrated "AnalaR" grade hydrochloric acid 
was diluted with water until approximately 4 . 4 M  and 
its concentration was determined by acid-base analyses 
against borax, after convenient dilution.
A series of six different determinations gave 
the result of 4.3692±0.0004 M, which corresponds113to 
the composition HC1,11.60H20. Analyses have been made 
every six months and no change of composition was de­
tected.
X
2.1.3.6 - Sulphuric acid
Concentrated "AnalaR" grade sulphuric acid was 
diluted with water until approximately 2.0-2.5 M and its 
concentration was determined by acid—base analyses against 
borax, after convenient dilution. Two batches have been 
prepared and analysed, with the following results :
Solution 1: 2 .156760.0003 M o  18.68% H2S0^3 <> H2S04 , 23. 69H20 
Solution 2: 2. 500160.0004 M o  22.06% H2S0^3o  H2S04 ,19 . 22H20
2.1.3.7 - Water
All the water used in calorimetric determinations 
(ampoules or solutions) was previously deionised and 
.twice distilled in order to guarantee no interference 
from other ions or from organic matter.
Throughout this thesis, when "water" is written, 
it is to be understood to be deionised and twice distilled.
2.1.4 - Preparation of calorimetric solvents
2.1.4.1 - p-Dioxan -
"AnalaR" grade p-dioxan was further purified 
by the methods outlined in the literature1341135.
"AnalaR" dioxan was dried over potassium hydroxide 
pellets for 24 hours and then refluxed for 12 hours with 
metallic sodium, nitrogen being passed continuously through 
the mixture, which was fractionally distilled and the 
fraction of b.p 101o-102°C collected (refractive index
1.4232 at 25°C). The dioxan was then passed through a 
column of finely divided chromatographic alumina to remove 
traces of organic peroxides, and was stored under nitro­
gen over potassium hydroxide pellets.
2.1.4.2 - Constant boiling point hydrochloric acid
The preparation of c.b.p hydrochloric acid 
has already been described in this thesis (see Section 
2.1.3.5) .
2.1.4.3 - Molar sulphuric acid
A molar solution of "AnalaR" grade sulphuric 
acid, was made up, by using a "B.D.H" concentrated volu­
metric solution. •
The concentration of the prepared solution was 
• checked by acid-basis analyses, against borax. A series
80
of six determinations gave the result of 1.0000±0.0005 M,
•which corresponds113to the composition H2S04,53.5 39 (1)H20.
2.1.4.4 - 75% Sulphuric acid
Concentrated "AnalaR" grade sulphuric acid was 
diluted to about 75%.
2.1.4.5 - 60% Perchloric acid
71% "AnalaR" grade perchloric acid was diluted 
to about 60% with water, and then analysed against borax.
Two batches have been prepared and analysed 
which gave the following results:
Solution 1: 9. 5348±0.0003 M <> 61. 49%HC10^136o  HCIO^ , 3 . 493 (7) ^ O  
Solution 2: 9 . 2070±0.0002 M <c> 60.08%HC104136o> HC104 ,3. 706 (4 ) H20
2.1.5 - Metal analyses .
Metal analyses have been carried out on all the 
studied complexes and on the metal salts used as calori­
metric reactants.
In the analyses of complexes, as they are insol­
uble in water, it was necessary to decompose the complexes, 
which was achieved by treating their aliquot parts with 
successive small amounts of concentrated nitric acid, 
followed by very gentle evaporation to dryness.
When volumetric analyses had been made, the 
residues were dissolved in the minimum possible amount 
of 1 M sulphuric acid, transferred to volumetric flasks 
and diluted with water.
In the case of gravimetric analyses, the resi­
dues have been calcined to their oxides, until constant 
weight (difference between weight after two successive
calcinations, — 0.0001 g). .
All the results of the metal analyses for the 
complexes are given in Table 5 ; the results for the 
metal salts are registered with the purification method
of the corresponding salts.
• -
2.1.5.1 - Aluminium analysis
Aluminium was analysed both by conversion to 
the oxide Al^O^ (platinum crucibles) and by a complexome- 
tric method137, by back-titration with excess of EDTA and 
a standard solution of magnesium sulphate, using Erio T 
as indicator.X ' -
2.1.5.2 - Beryllium analysis
Beryllium was analysed by conversion to the 
oxide BeO (silica crucibles).
2.1.5.3 - Nickel(II) analysis
Nickel(II) was analysed by a complexometric 
method137, by back-titration with excess of EDTA and a 
standard solution of magnesium sulphate, using Erio T 
as indicator.
2.1.5.4 - Copper(II) analysis
Copper(II) was analysed by a complexometric 
method13 7 with EDTA using pyrocatechol violet as indi­
cator.
Table 5 - Analytical results
CALCULATED ‘ 'FOUND
COMPOUND
% C % H % M % C % H % M
Hdpm 71.70 10.94 - 71.63 11.03 -
Hpiprm 69.20 10.32 - 69.30 10.19 -
Hibpm 70.55 10.66 ; -V 70.69 10.84 -
Hdibm 69.20 10.32 - 69.18 10.55 —
Htrop 68.85 4.95 - ; 68.68 4.95 —
Purpuroga11in 60.01 3.66 - 60.15 3.64 —
HMetrop 70.58 5.92 70.62 5.93 ■ -
Htfacac 38.97 3.27 — 39.05 3.26 -
Hhfacac 28.86 0.97 28.88 0.97 -
[A1 (dpm) 3 ] 68.72 9.96 4.68 68.74 10.05 4.68
[Be (dpm) 2 ] 70.36 10.20 2.40 70.21 10.18 2.39
[Ni (dpm) 2 ] 62.14 9.01 13.81 62.09 9.10 13.76
[A1 (tfacac) 3 ] 37.05 2.49 5.55 37.20 2.57 5.55
. [Be (tfacac) 2 ] 38.11 2.56 2.86 38.13 2.54 2.84
[Al (trop) 3 ] 64.62 3.87 6,91 64.42 3.96 6.91
[Be (trop) 2 ] 66.93 4.01 3.59 66.88 4.05 3.57
[Cu (trop) 2 ] 54.99 3.30 20.78 54.93 3.30 20.78
[Al (Metrop) 3 ] 66.66 4.90 6.24 66.55 4.84 6.23
SOLUTION CALORIMETER
2.2.1- Description
The instrument used to carry out all the enthal­
pies of solution determination throughout the present work 
was a "LKB 8700-1 Precision Calorimetry System"138, which 
is a commercial' version of the constant temperature environ­
ment non isothermal calorimeter, originally designed 
by Sunner and Wadsti134'139'140,141. A brief description will 
be given here. A block diagram of the system is presented 
in Fig. 8.
2.2.1.1 - Calorimeter
The calorimeter, schematically represented in 
Fig. 9 , consists of a thin uniform pyrex glass reac­
tion vessel,"C", of approximately 100 ml capacity, sus­
pended from the lid, "L", of a surrounding chromium-plated 
brass jacket (diameter 125 mm, height 150 mm) by a wide 
uniform glass tube, "A". A sapphire-tipped rod,"B", 
points centrally upwards from the bottom of the vessel 
and acts as the ampoule breaker. An 18 ct. gold stirrer, 
plated with pure gold, "S", acts as the ampoule holder, 
and is so constructed that, without interrupting the 
stirring, it can be depressed vertically about 20 mm 
for ampoule breaking. The stirrer is fixed to a stain­
less steel spindle supported by stainless steel ball 
bearings, and can work at 600, 300 or 150 r.p.m. The 
stirring is sufficient to effect good thermal equilib­
rium within one minute. The reaction vessel is fitted 
With two thin glass re-entrant tubes, which act respec­
tively as retainers for the calibration heater 11H" and 
the temperature sensor "T", both of which are immersed
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in oil to achieve rapid thermal equilibrium within the 
reaction vessel. The temperature sensor is a thermistor 
for a temperature range 5O-40OC (2000±5% ohms resistance 
at 250C) and the calibration heater has a resistance 
of 50.183 ohms at 25.0°C*. Both re-entrant tubes are 
vacuum sealed tightly with a film of "Aruldite". The 
thermistor and the heater are connected by gold-plated 
feedthrough pins "D" in the lid.
2.2.1.2 - Thermostatic bath
. The calorimeter assembly is submerged in a water 
thermostated bath, 18 litres capacity, with a heater re­
sistance of about 70 ohms and a cooling circulating water 
system (cooling water 10-2°C below temperature of the 
liquid _in the bath). The temperature of the bath is 
controlled by a "Proportional Controller" with resolu­
tion in temperature setting, better than 0.01°C. The
- ' o
temperature of the bath is maintained at 25.OOOiO.OOl C 
during a 48 hours period, provided that room temperature 
(23.0°C) does not vary more than ±0.5°C and mains volt­
age not more than ±2%.
The bath temperature is indicated £>y a Gallen- 
kamp, mercury-in-glass thermometer, nitrogen filled,
No. 6311089, divided to Ixio"2 °C in the range 20.90°C - 
27.10°C, previously calibrated using an N.P.L. standard­
ised platinum resistance thermometer (H. Tinsley & Co., 
Ltd., Type I, No. 217976).
* In the previous calorimeter, used for part of the 
present work, the calibration heater resistance had a 
resistance of 50.241 ohms at 25 C.
2.2.1.3 - Reference Unit
The "Reference unit" contains five standard re- 
sisters used as r e f e r e n c e s  in the calibration circuit unit 
and three power voltage reference units belonging to the 
reference voltage supplied in the "Power Supply". It 
also contains the Weston standard cell, for the standardi­
zation of the Potentiometer.
2.2.1.4 - Precision Wheatstone bridge
The Wheatstone bridge (Fig. 10 ) has a range of
0-6000 ohms in six decades. The ratio arms of the bridge 
are equal and have the resistance value of 2000 ohms.
The Galvanometer is connected by the lockable "Detector 
Key" and the bridge voltage (0.8 V) is obtained from a 
high precision power voltage reference unit in the "Power 
Supply".
2.2.1.5 - Electronic galvanometer
The galvanometer is a "Hewlett Packard type 419A
D.C. Null Voltmeter". An input selector for connection
of the instrument to the potentiometer, Wheatstone bridge
or thermocouple is added. The galvanometer is used as
a null detector for bridge balance, and allows the de-
-5 otection of a temperature change of 5x10 C.
2.2.1.6 - Precision potentiometer
The potentiometer covers the range 0.990 to 1.011 
volts. The voltage is set by a switch with 20 steps 
of 0.001 volts and a slidewire covering the difference 
between the steps.
89
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Figure 10 - PRECISION WHEATSTONE BRIDGE
The resolution of the voltage setting is ICfyV.
The "Selector" has three positions: "Internal Standard 
Cell","Test" and "External Standard Cell".
The temperature dependence of the Weston stand­
ard cell is corrected by the knob "Standard Cell Volt­
age".
The current for the potentiometer (1 mA) is sup­
plied by a high precision voltage reference unit in the 
"Power Supply". This current is adjusted by the "Stan­
dardization" knob to standardize the potentiometer against 
the Weston standard cell.
2.2.1.7 - Ampoules
Ampoules were blown in a brass mould139 from selected 
thin walled glass tubing, so that the bulbs generated 
were of uniform and predetermined size and the end walls 
were very thin, thus facilitating fracture and minimiz­
ing possible heat effects. For liquid samples the am­
poule shaft was drawn to a fine capillary as near to the 
bulb as possible. The bulb capacity was 1 ml for liquids 
and 0.5 g for solids. After the sample had been intro­
duced, the bulb was mounted vertically in a small tray, 
cooled by circulating water and the shaft sealed very 
close to the bulb wall with a sealing device138 microflame 
(mixture of propane and oxygen) which provides quick 
sealing with minimum heating of the ampoule. For reac­
tions in certain inorganic solvents, the solid ampoules 
were normally sealed by a silicon rubber stopper which 
was then covered with a thin layer of wax.
2.2.1.8 - Miscellaneous corrections
Several miscellaneous sources of heat, and hence 
sources of error, were investigated, but as the quantities 
of heat involved were found to be less than the total 
experimental error, no allowance was made for them in 
the final results. McKerrell142, by direct measurement, 
has found the heat of stirring to be between 0.02 and 
0.05 cal per minute, or a maximum of 3 cal per hour.
It was assumed that the heat generated by friction between 
the solution and the unbroken ampoule is the same as 
that generated between the solution and the shattered 
ampoule, that is, the "heat of stirring" is constant 
throughout the calorimetric experiment. Such an assump­
tion is justified as the stirring speed is constant. 
BartellN and Suggitt143 have pointed out that the breaking 
of an ampoule may give rise to one or more small heat 
effects. The heat of fracture of an ampoule depends 
upon the mechanical properties of the glass; it was 
assumed to be negligible as the end walls were thin 
and fractured readily. This hypothesis is supported by 
the experimental results obtained by Schulz141 for volatile 
organic solvents (benzene, chloroform and acetone) which 
gave values between 1.0 and 2.5 cal. These values com­
pare favourably with those calculated theoretically1 
for the evaporation of 1 ml of solvent. This change 
of heat is mainly due to evaporation of the calorimeter 
solvent on breaking of the ampoule. Fracture of an am­
poule, partly filled by a volatile liquid, is accompanied 
by a condensation process139. As the ampoule capacity
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is so small, this heat effect was neglected.' From approxi­
mate thermal conductivity calculations. Hill134 found that 
the total heat lost from the calorimeter via the glass 
neck, the heater and the thermistor leads was of the order 
of 10”3 cal/sec-, i.e. , 1.8 cal during a 30 min experiment 
and so negligible.
A detailed review on the most important correc­
tions has been given by Wadsô14 4.
2.2.2 - Operation and Performance
2.2.2.1 - .Temperature measurement
Temperature is measured indirectly by the ther­
mistor in the precision Wheatstone bridge shown schemati­
cally in Fig. 10.
^ Unfortunately the resistance, R, of a thermistor 
does not change linearly with temperature T, the most 
precise relationship being given by Bosson et al.145 as:
R = A.eBy/T (1)
where T is the absolute temperature and A and B are con­
stants. From equation (1) one may derive a number of 
relationships between a change in temperature and the 
corresponding change in resistance. Derivation of equa­
tion (1) leads to
or
dR/dT = -RB/T2 
AR/AT = -R^B/T2
(2)
(3)
w h e r e  m  i n d i c a t e s  a  m e a n  v a l u e .  W e  t h u s  f i n d  t h a t
AT ~ AR.T2/R (4)m m
In order to use this expression, the thermistor bridge
must be calibrated in degrees. However, during a ser-
2
ies of calorimetric experiments T^ is nearly constant, 
which leads to the expression
: AT -  AR/Rm '
that is
AT = D.AR/Rm (5)
where D is a constant.
^ This relationship will be used in all the sub­
sequent calculations.
2.2.2.2 - Electrical calibration: heat capacity measure-
ment - '
The calorimeter is calibrated by passing a mea­
sured current through the calibration heater for a known 
period of time and determining the corresponding tempera­
ture change. It is assumed that none of the electrical 
energy dissipated in the heater cavity is lost from the 
calorimeter vessel by conduction along the lead wires, 
or through dissipation in that section of the lead wires 
between the calorimeter and the jacket. Both of these 
sources of error are eliminated by using a high resis­
tance heater (500) and thick leads.
To make possible the simulation of reactions with
varying rates, the electronics are such that five dif­
ferent calibration currents may be chosen, which give
approximately 20, 50, 100, 200 and 500mW. The corres-
2
ponding squares of the calibration current, I values 
are (0.4, 1, 2, 4 and 10)xl0*"3 A2. Fig. 11 shows
schematically the circuit for the calibration current.
Five different standard resistors can be connected in 
the circuit and the calibration current is determined 
by adjusting the current from the power supply so that 
the potential drop over the standard resistance is 
1.00000 V.
To measure the heater resistance exactly, a 
5Oft "Standard Resistor" is connected in the circuit 
(see Fig. 12 ). The current is adjusted so that
the potential drop over the standard resistor is 1.00000 V. 
The potentiometer is then connected to the points "P", 
and the potential drop over these points is measured.
This is equivalent to the potential drop over the gold 
contacts and thus a correction must be made for the 
leads. The value of the calorimeter heater resistance 
was found to be 50.183 ohms. This value was redeter­
mined periodically and was found to remain constant 
to 1 part in 103.
The standardization of the potentiometer is re­
presented in Fig. 13 . After setting the correct
value in the "Standard Cell Voltage" (which is a func­
tion of the room temperature) with the detector key 
depressed, the "Standardization" resistance must be 
changed until the galvanometer (sensitivity 100 yV) reads
9 5
DUMMY
HEATER
POWER
SUPPLY
M A
FINE
ADJUST
A  1.00000 V
Figure 11 - CIRCUIT FOR THE CALIBRATION CURRENT
POWER
SUPPLY
E VOLTSHEATER
50fl
STANDARD
RESISTOR
MWA/WVV
FINE
ADJUST
$  1.00000 V
Figure 12 - CIRCUIT FOR HEATER RESISTANCE MEASURE MEN I
zero.
The setting of the desired calibration current 
is schematically represented in Fig. 14 . With the
"Potentiometer" at 1.00000 V, the "Fine Adjustment" on 
"Power Supply", should be changed until the galvanometer 
(sensitivity 100 ]iV) reads zero.
The desired calibration time is selected in the 
timer unit and can vary from 1 to 990 seconds, in steps 
of 1 second, with accuracy better than ±0.003 sec.
2.2.2.3 - Calorimetric measurements
The 1 substitution method"14 6 of enthalpy measure­
ment has been used in a wide variety of calorimeters and 
a detailed analysis of its application to the isothermal 
jacket ±:ype is available14 0 .In essence, the temperature 
change produced in the calorimeter by a chemical reac­
tion is reproduced by a known heat source, normally an 
electrical heater. In practical terms, however, this 
"electrical calibration" can never follow exactly the 
same curve as the reaction, and a proportionality factor, 
e 1, is introduced, such that
Q = e 1À0 (6)
where
Q = amount of heat produced by reaction
A6 = temperature change due to reaction
'
e' = calibration constant.
s' is equivalent to the heat capacity of the calorimetric 
system and is determined from the calibration experiment
9 7
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Figure 14 -CIRCUIT FOR SETTING THE DESIRED 
CALIBRATION CURRENT
using the expression :
s' = Q /A6 (7)
c c
• '  '
For maximum accuracy it is essential that the 
calibration should match as closely as possible the tem­
perature range.and conditions of the reaction. This 
ensures full compensation for such effects as variations 
of e ' with temperature, non linearity in the measuring 
system, and changes in the nature of the thermal exchange 
for reaction and.calibration14 0.In the latter case, dur­
ing a reaction, heat is produced rapidly within the body 
of the solution giving rise to an exponential temperature 
change, while the calibration involves a steady heat out­
put and, a linear change. As a consequence, the reaction 
period and the calibration time should be equal where 
possible, but restrictions are imposed on the calibration 
by limits of permitted heater current and of timing ac­
curacy. - ;
A calibration is normally performed in conjunc­
tion with each reaction run. If the calibration is car­
ried out before the reaction, the e *-value obtained re­
fers to the isothermal process at the final temperature 
of the experiment; if after the reaction, the result 
r e f e r s  to the initial temperature, with the difference
in g '-values relating to the apparent change in heat 
■ " . . 
capacity for the reaction147.
2.2.2.4 - Calculation method
Typical temperature-time curves for an exothermic
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reaction and calibration are illustrated in Fig.15 
‘In the reaction curve, ab and cd represent the heat ex­
change properties of the calorimeter before and after 
the reaction be. It has been established that during 
the periods ab and cd, this heat of change obeys Newton1 
law of cooling11* , this is
^  = K(T.-T) + u (8)
at ]
where
K = thermal leakage constant for the calorimeter and 
contents ;
T. = temperature of isothermal jacket;
T = average temperature on surface of reaction vessel; 
u = heat of stirring.
■N
This is a linear function, provided the heat of 
stirring is constant. Under non-adiabatic conditions, 
the observed temperature range (AT) must be corrected 
(ATcorr) for the heat exchange occurring during the per­
iod be. This corrected temperature change (A0) can then 
be substituted in equation (6) to determine the heat 
of reaction. The required e-value is obtained from equa 
tion (7) using a similar correction procedure on the 
calibration curve (Fig. 15).
Two methods have been suggested for the evalua­
tion of the temperature correction term (ATCQRR) in the 
expression
A0 = AT-ATc o r r (9)
Both are based on equation (8) which can be written 
in the form:
g = If = KfT^-T) (1°)
where £ is the slope during periods ab or cd, and g = 0
when (T = T ).
0 0  •
On integration between the time limits t^ and
t^, this gives,
ATCORK
> C
where
Tm = mean temperature during reaction period.
Tm can be evaluated by the Regnault-Pfaundler 
method11*,or in the case of reaction periods not in ex­
cess of five minutes, ATC0RR can be evaluated directly 
by Dickinson's method148 1149 (Modifications of the 
Dickinson extrapolation method have been reported recently150 
Dickinson's method consists of finding a time (t^), such
that :
Z c
(Tra-T)dt = ATc o r r  (12)
tb
9 i (tm"tb ) + 9f(tc-tm ) = K
J
where
g^ - slope of pre-reaction period ab (initial); 
g^ = slope of post-reaction period cd (final).
t is determined from the reaction curve by a trial and m
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error graphical procedure, since Dickinson showed that
.for equation (12) to hold, the two shaded areas, A and
B in Fig. 15 ", must be equal. It follows from equations
(9) and (12) that the corrected temperature change (A0)
is simply the intercept produced by extrapolation of ab
and cd to t , as shown in Fig.15.— - m '
The thermal leakage constant (K) provides a use­
ful check on the performance of the calorimeter and can 
be calculated using an expression derived from equation
K = (13)f i
where T. and are the mean temperatures of the initial 
and final periods, respectively. For this type of reac­
tion calorimeter, Sunner and Wadsô139have determined K
-3 -i
as 2x10 min .
If the rate of heat evolution during a reaction 
is truly exponential, the mean temperature of the reac­
tion period, T , will occur at the time for 6 3% of the 
total heat evolution (0.63 = 1-1/e). In practice the 
extrapolation is usually carried out using the time 
for 0.6 AT.
In an electrical calibration experiment, the heat 
of evolution is usually linear with time, and the extra­
polation in this case should be carried out using the time 
for half the temperature rise. As there is some time 
lag in the heat transfer process, this latter extrapolation 
is always slightly (a few seconds) beyond half the heat­
ing period.
1 0 3
In order to calculate the calibration constant 
.(e) from equation (7), it is necessary to know the pre­
cise value of the heater resistance (R^) in ohms, the heater 
current (I) in amperes and the, heating time (t) in seconds. 
Then
v2fc
Qc = ------  cal (14)
4.1840
and 9
R I t
c. = • h (15)
4.1840 AOc
From equations (6) and (15), the expression for 
the molar enthalpy of reaction (AH) then becomes :
2
R  I t
AH - — --------  x A0 x — cal/mol (16)
4.1840 A0 mc
where
M = molecular weight of the compound; 
m = weight of compound in the ampoule.
Providing that the calibration matches closely 
the temperature range and the conditions of the reaction, 
from equations (5) and (16) we have
R I^t
AH =  ^ /a r \ ' x x m cal/mol (17)
‘ •1mo( C L  -
The first fraction of expression (17) is usually 
represented by e
R  I2t
£ = 4.1840(f) (18)
V m/c
and must not be confused with e 1, defined before (6), 
•although they are related by the constant D of equation
(5) : :. , ' : ' ' - '
s = c 1D (19)
2.2.2.5 - The "Energy equivalent" of the calorimeter
The energy equivalent of the calorimeter is most
conveniently measured by using a known volume of water
as the calorimetric liquid. The resulting value of
e is directly proportional to the total energy equivalent
25
of the calorimetric system and is designated e n , this
2
is, the water equivalent of the calorimeter. The pre­
cision of this constant is in itself a direct indication 
of the 'bverall precision of measurement, and periodical 
redetermination of its value gives a quantitative esti­
mate of the reproducibility and working performance of 
the equipment.
Water equivalents of the calorimeter, on a fill­
ing of 100.0 ml of water, and with a heating current
o —2 2
of 500 mW (I = 1 0  A ) during 200 sec., were determined 
and redetermined one year later and are recorded in 
Tables 6 and 7 . The associated uncertainty
interval is given as twice the standard deviation from 
the mean (see section 2.2.4 this thesis) and includes 
all systematic errors. •
Table 6 - Determination of the "energy equivalent" 
of the calorimeter (June 1971)
Run (AR/Rm )cXi°3 e (cal)
: ’8.9345 2684.9
8.9.356 2684.5
3 8.9359 ■ - 2684.5
4 8.9288 2686.6
5 8.9305 2686.1
Mean (5 determinations): 2685±1 cal
* As an example, for this experiment, the starting and
final resistances, were respectively, R. =2019,157
*N
ohms and = 2001 .197 ohms.
Table 7 - Determination of the "energy equivalent"
of thé calorimeter (July 1972)
Run (AR/Rm)cXl°3 6 (cal)
8.9266 2687.2
2 8.9254 2687.6 •
: 3 ' ' 8.9395 2683.4
'4 , 8.9266 2686.0
\ 5 8.9431 2682.3
' ; 6 • 8.9386 2683.6
Mean (6 determinations): 2685±2 cal
* for this run, = 2019.595 ohms and = 2001.647 ohms
2.2.2.6- Measurement of enthalpy change AH
‘ Before starting a calorimetric experiment the 
sample in its ampoule is placed in the ampoule holder, 
and the calorimetric liquid is' pipetted into the reac­
tion vessel. The calorimeter proper is then closed and 
placed in the thermostat bath. If desired the brass cy­
linder can be evacuated. Evacuation is usually not necess 
ary for very fast reactions; for slower reactions, with 
reaction times of about 15 minutes or more, evacuation 
will significantly increase the precision by minimising 
heat transfer between calorimeter and surroundings.
The temperature of the calorimeter proper is then brought 
slightly below the starting point (a in Fig. 16 ),
and the system is left to equilibrate for a few minutes, 
a maximum of 10 minutes being required when work is done 
at room temperature.
_ When starting to take readings, the bridge is set
slightly off-balance. When, due to the rise of tempera­
ture, the bridge reaches balance, the chronometer is 
started. A certain resistance, usually 0.02 ohms, is 
then applied to set the bridge off-balance again and, 
when the bridge reaches the equilibrium, the time is taken 
The bridge is again unbalanced.by the same amount, and 
so on. This is carried on during a fore-period of 4-5 
minutes. At the preselected time t ±f the stirrer shaft 
is lowered and the ampoule fractured on the pin provided 
within the calorimeter vessel and so the reaction is 
initiated at b (Fig. 16 ) and proceeds to completion
at c. Resistance/time readings are taken during the 
main period and in the after-period, c-d. A curve show-
.LU/
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TIME (min
A FTE R  PERIODREACTION
PERIOD
FORE PERIOD
PLOT FOR AF igure 16 - TYPICAL RESISTANCE
CALORIMETRIC EXPERIMENT
ing the thermistor resistance as a function of time,
•is then plotted.
The corrected resistance change is obtained by 
extrapolation of the "fore-period" and "after-period" 
lines to a time t , defined by one of the methods pre­
sented before1 -^1147’1481150.
For an exothermic process, the products of the 
reaction are cooled to the initial temperature and the 
system calibrated electrically: the resulting e value
obtained being directly proportional to the total ther­
mal capacity of the system. For an endothermie process, 
the post-rating curve for the reaction was duplicated 
as the pre-rating curve for the calibration so that, at 
the end of the calibration, the system reverted to the 
initials reaction temperature, that is, a measured quantity 
of electrical energy was dissipated in the calorimeter 
in an amount approximately equal to the energy removed 
from the system by the preceding chemical reaction.
Both exo- and endothermie reaction electrical 
calibrations, were always performed on the products of 
the chemical reaction and therefore the corresponding 
heat increment was referred to the initial temperature.
2.2.3 - Chemical standard for reaction calorimeters
Up to 1964 there was no one generally accepted 
standard chemical process for the comparison of solution 
calorimeters. Such a process is desirable so that sys­
tematic errors, such as evaporation and condensation 
effects, heat leakage from the calibration heater and
slow thermal equilibrium, can be discovered. However, as 
•reaction calorimetry embraces such a wide range of chemi­
cal reactions and very diverse calorimetric equipment, 
a large number of test reactions of well authenticated 
heat changes are required. In reaction and solution 
calorimetry, a.direct electrical calibration is usual, 
being the most, convenient as well the most accurate me­
thod of determining the energy equivalent of the system. 
However, an electrical calibration experiment can rarely 
be strictly comparable to the reaction experiment. Test 
reactions which have well authenticated enthalpy are there­
fore of major importance as means of establishing that 
a calorimetric technique is not impaired by systematic 
errors arising in the calibration procedure. The use 
of test, reactions is of particular importance for newly
constructed calorimeters, or when modifications to exist-
I51
ing calorimetric equipment have been made.. Gunn has 
listed eighteen desirable characteristics for a standard 
chemical process. -
In 1964 Irving and Wadsô152 first suggested the 
reaction of tris(hydroxymethyl)aminomethane, (2-amino- 
2-hydroxymethyl-l,3-propanediol), usually designated 
"TRIS" or "THAM", with 0.1 M hydrochloric acid as a stan­
dard thermochemical process:
9 5
+ a h t h a m t H2N.c. (c h 2o h )3 + h 30t  limu> Hjü.c. (CH2OH)3 + h 20
Ah t h a m = -7104±3 cal/mol
"THAM" is a v/ell defined crystalline compound,
•m.p. = i71.10C 153, molar mass = 121.1372 g/mol154'155,
density = 1.35 g/cm3154'155 ; it is an intermediate base,
pK, = 5. 92 1 5 6' 1 5 7 ; it has a low hygroscopicity, does 
b
not absorb carbon dioxide, is readily soluble in water 
and has therefore found use as a primary acidimétrie stan 
dard153; it can easily be recrystallized from methanol and 
several such recrystallizations yield a purity greater 
than 99.95%.
From their results, Irving and Wadsô concluded 
that "THAM" has well defined thermochemical properties. 
The "THAM" reaction is highly exothermic and has a low 
differential heat of solution152. This suggestion has 
met with approval in several laboratories, and the U.S. 
National Bureau of Standards has issued THAM as Stan­
dard Reference Material No. 724 (acidimétrie titration 
99.94±0.01 mol%) and the U.S. Calorimetry Conference 
has prepared recommendations for its use and study1 5 4 . 
There have been many investigations of this enthalpy of 
solution (results reported in Table 8 ) but two
recent ones by Hill et al161 and Gunn162 are outstanding.
However, recent work has indicated that the influ 
ence of experimental conditions on the enthalpy of this 
process is not completely understood, and the reaction 
may not fulfil all the requirements of a test reaction163
Table 8 - Standard Calorimetric Reaction
Tris(hydroxymethyl)aminomethane 
(0.5 g "THAM" in 100.0 ml 0.1 M HC1)
Author Year AH^STHAM
(cal/mol)
Reference
Irving and Wadsô 1964 -7107±4 152
Gunn 1965 -7107±1 151
Kilday and Prosen 1966 ' -7114+2 158
Sunner and Wadsô 1966 -7112±2 159
McKerrell 1966 -7112±5 142
Irving and Wadsô 1966 -7112+2 158
Ôjelund and Wadsô 1967 -711214 160
Mortimer and Beezer 1969 -710418 158
Irving and Sous a 1969 -711011 158
Hill et al 1969 -710911 161
Gunn 1970 -710711 162
Prosen
X
1971 -711511 .158
The "THAM" reaction was used to check the repro-
ducibility and accuracy of the used calorimetric equip-
ment. The results are given in Table 9.
Table 9 - Heat of solution of "THAM" in 0. 1 M HC1
Run iT H A M " (AR/Rm )xl03 e AHsol
(cal/mol)g*
3
molesxlO
1 0. 36215 2.9895 6.9680 3048.6 -7105.7
2 0. 39273 3.2420 7.5947 3038.9 -7119.0
3 0. 33550 2.7695 6.4623 3050.4 -7117.7
4 0. 35409 2.9230 6.8040 3056.1 -7113.8
5 0. 35252 2.9100 6.7934 3043.9 -7105.9
Mean : AH,T H A M  = -711216 cal/mol (5 determinations)
* Weights corrected in vacuum
1JLZ
The obtained result of -7112±6 cal mol agrees 
well with the published data (see Table 8).
2.2.4 - The uncertainty interval
The magnitude of systematic errors inherent in 
thermochemical measurements depends upon several differ­
ent factors such as :
a) - The nature, purity and velocity of the
specified chemical reaction;
b) - The accuracy in measurement of the"amount"
J of chemical reaction (represented by the
mole number of the component defining unit
reaction);
c) - The sensitivity of the auxiliary measuring
equipment ; . "
d) - The purity of the individual components ;
e ) - The precision of maintaining true isothermal
conditions.
Consideration of all accumulative errors in the 
present work indicated that any single thermal measurement 
was subject to a maximum variation of ±0.01 calories.
The selected value for the enthalpy AHR of a specified 
chemical reaction R, was taken as the mean of a minimum 
of five independent determinations and the associated 
standard deviation aR calculated from the relationship
aR =
62
n(n-1)
(20)
2where <5 is the sum of the squares of the deviations jô 
from the mean and, n is the total number of determinations.
Rossini14 7 has suggested that each thermochemis­
try measurement be quoted together with an uncertainty 
interval , which is taken by convention16 4 to be twice 
the standard deviation from the mean. Accordingly,all 
results are expressed in the form
AHR±2aR' (21)
corresponding to a 95% level of confidence.
The first law of thermodynamics permits thermo­
chemical equations to be added algebraically.
n=t
AH = Y ”  pAH 
n=l n
(22)
The standard deviation a associated with the total en- 
thalpy change AH^ is given by
T
n=t
5 ,
(23)
where o is the standard deviation associated with AH n n
and t is the total number of reactions.
VAPORIZATION CALORIMETER
The standard enthalpies of vaporization of the
ligands have been measured using the Wadsô Vaporization
Calorimeter165'165 1167 , designed for the investigation of
oliquid compounds in the vapour pressure (25 C) range 
0.5 - 200 mm Hg. Although this calorimeter was firstly 
designed for the investigation of liquids, it has recently 
been proved that it can also be used with solids16 8. An 
adequate amount of substance for each run is about 100 mg 
and the time required for a complete experiment is usually 
less than 45 minutes. A brief description of the calori­
meter will be given here ; a block diagram of the system 
is presented in Fig. 17.
2.3.1 - Principle of operation
The calorimeter is based on the principle that 
the heat absorbed by the substance during the evaporation 
process is compensated by means of an electrical heater. 
This is done in such a way that the temperature of the 
calorimeter is kept constant and equal to that of the 
surrounding thermostat. The heat of vaporization can 
be calculated from the amount of substance evaporated 
(determined by weighing the calorimeter before and after 
the■experiments) and from the measured amount of the sup­
plied electrical energy. In order to avoid irregular 
boiling phenomena, a small amount of inert carrier gas 
(nitrogen) is leaked into the system through a capillary 
tube. •
2.3.2 - Description of the calorimeter
2.3.2.1 - Vaporization vessel
The LKB 8721-3 vaporization vessel169 was used.
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All the internal surfaces of the calorimeter consist of 
pure silver (99.9%).
The rate of flow of carrier gas through the calori­
meter is controlled by a capillary tube. (Fig. 18).
The calorimeter construction is shown in Fig. 19 
The calorimeter body is made up of a hollow cylindrical 
silver vessel containing a central bore, a, and a cavity 
divided into three compartments, b, c, and d by means 
of two 0.6 mm silver plates soldered to the calorimeter 
body. Compartment b, which is the evaporation chamber, 
is in contact with cavities c and d by means of a short 
silver tube, e, and two holes, f. From d, there is a 
gas outlet tube, j_. Carrier gas is introduced into the 
evaporation chamber b, through the gas inlet tube g , via 
the back suction trap h . . The sample is introduced into 
the evaporation chamber through the tube i. The calori­
meter heater, a 50 ohms manganin coil, is kept in a flat 
spiral groove, k, (2 x 2 mm) milled from the bottom sur­
face of the calorimeter body. A 2 mm silver disc is 
screwed to the bottom.
The calorimeter is fitted with a 2 mm thin-walled 
(0.2 mm) stainless steel tube, joined to the male socket 
of a Cannon micro contact. Throughout the steel tube are 
carried leads from the heater and from the thermistor.
The calorimeter is placed in a chromium-plated
brass can forming the calorimeter jacket. The can is
placed in a water thermostat, 25.00°C where the tempera-
— 3ture variation is kept lower than 10 °C. The thermo-
stated carrier gas, coming from the copper tube n, passes 
through a glass capillary tube, o, before entering the
J.XO
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FIGURE 18
SCHEMATIC VIEW OF THE VAPORIZATION CALORIMETER
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calorimeter. Short 2 mm PVC (or teflon) tubes are used 
•as connections between the different metal and glass tubes.
Fig. 20 shows a schematic view of the calori­
meter assembly. Carrier gas from the nitrogen tank r , 
(pressure, 1 atm.), is thermostatted in the copper tube n, 
before entering the capillary tube o . The gas passes through 
the calorimeter, the T-junction p, cooling traps js, and 
is finally taken up by the vacuum system t. The rate of 
evaporation is governed by the vacuum maintained in the 
calorimeter, and also by the bore of the capillary o.
With a given capillary tube, the rate of evaporation can 
be controlled by adjusting the calorimeter pressure, which 
is measured by the manometer y. The tubes can be character­
ized by the nitrogen flow rate at a certain pressure 
difference. A narrow capillary tube (flow rate 0.15 ml/min) 
is used for the more volatile compounds ; for the less vola­
tile compounds a capillary tube with a rate of about 3 ml/min 
is used. According to Wadsô566 neither the bore of the 
capillary tube nor.the rate of evaporation is critical.
For compounds having very high vapour pressure, an adequate 
rate of vaporization is achieved by reducing the suction 
capacity of the vacuum system-by means of the needle 
valve y.
The temperature of the calorimeter is observed 
by means of the thermistor which forms one of the arms 
in a conventional DC Wheatstone Bridge.
2.3.2.2 - Vacuum and carrier gas system
The vacuum and carrier gas system (Fig. 21). 
contains columns packed with silica gel, to remove mois-
±zu
Carrier gas inlet
g
Carrier gas outlet
k m ,10mm | a
Section A“A
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ture, and bubblers, containing silicone oil, to indicate 
.the gas flow rate and to remove dust carried in suspen­
sion.
The system is provided with two valves which 
permit control of the nitrogen flow and the vacuum.
Several two and three way stopcocks are incorporated for 
the convenient.manipulation of the system. A mercury 
manometer indicates the vacuum inside the system; a 
cooling (liquid nitrogen) trap is incorporated in order 
to condense the formed vapours and prevent them from reach­
ing the vacuum pump.
2.3.2.3 - Constant temperature bath ~
Twenty five litres of water are contained in a 
polythene vessel which is surrounded by insulating material. 
Efficient stirring is achieved by a single high speed 
motor (1500 rpm) using a 16.5 cm stainless steel shaft 
and a 3 cm three-bladed impeller (non-metallic). The 
stirrer shaft is insulated electrically from the water by 
an outer coating of PVC. A cooling circulating water sys­
tem (23°C) is incorporated. The thermostat is controlled 
by a "Tronac PTC 1000 Precision Temperature Controller" 
and a 100 watts immersion heater (located directly be­
neath the impeller in a region of maximum turbulence), 
using a thermistor probe TCP-25-X (range 15o-40°C). The 
temperature drift is less than ±0.001 °C/hour and less 
than ±0.005°C/day, from the set point. The bath tempera-
,ture (25.000±0.002°C) is indicated by a Gallenkamp mercury-
-2o
in-glass thermometer, nitrogen filled, divided to 1 x 10 C 
in the range 20.90-27.10oC (No. 6311089), previously
calibrated using an N.P.L. standardized platinium resis­
tance thermometer (H. Tinsley & Co. Ltd., Type I, No. 
217976).
2.3.2.4 - Wheatstone bridge circuitry
The thermistor (2000 ohms at 25°C) makes up one 
arm of a conventional D.C. Wheatstone Bridge Circuit 
(Fig. 22 ). R1 and R2 are precision (0.1%) non-inductively 
wound manganin wire resistors (Croydon Precision Instru­
ments, Co. standards) and R4 is a precision six dial 
decade resistance box (Croydon Precision Instruments,
Type RB6), range 1-10000 ohms, in steps of 0.01 ohm, 
made up of manganin wire non-inductively wound resistors, 
similar to R l a n d  R2. The circuit is powered by a 2V 
accumulator at a current of 250yA.
2.3.2.5 - Null Detector Unit
The signal across the bridge is detected by an 
electronic nullpointgalvanometer (Type ND1, Croydon Pre­
cision Instruments Co.), with an input impedance of 
3000 ohms and an adjustable input sensitivity which, 
for these measurements, is selected so that an input 
of lyV will give full scale deflection on the output meter. 
It has "log" and "linear" scales, and the zero is inde­
pendent of source resistance.
2.3.2.6 - Electrical calibration unit and associated
equipment
2.3.2.6.1 - Calorimeter heating resistance (Rh)
The calorimeter heater, (Rh) was standardized
using an N.P.L. calibrated standard Croydon resistance, 
and found to be, Rh = 49. 895 ohms.
2.3.2.6.2 - Electrical calibration unit and power measur­
ing system
The electrical calibration unit
(i) - supplied any desired current between 0-100mA
to the calorimeter heating resistance (Rh), by 
the appropriate adjustment to RB (Croydon four 
dial precision resistance box type RB4, 0-10000 
in steps of 1 ohm), and
(ii) - provided a means of assessing the value of this
■
current (to lyA) or more usually the power in­
put to the calorimeter. This was achieved by 
measuring the potential drop, E, across a stan­
dard resistance Rs (a 10 ohm manganin wire wound 
resistor, Çroydon standard), during the time 
interval electrical energy was being supplied 
to the calorimeter. The standard resistance,
Rs, was standardized using an N.P.L. calibrated 
standard Croydon 10 ohms resistor type RSI), 
and found to be Rs = 9.9981 ohms.
Circuitry is illustrated in.Fig. 23 . A 100
ohms dummy resistor RD was used to dissipate electrical 
energy whilst not being supplied to the calorimeter.
Other details of equipment used to measure "E" 
and "T" are listed below:
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D.C. Potentiometer
Type: P.3 Croydon precision vernier
Ranges : 1.SV-lmV; 0.ISV-lOOyV; O.OlSV-lOyV
in increments of : 0.5mV ; 50yV ; 5yV
Accuracy : 0.02% ; 0.03% ; 0.04%
The instrument has a built-in spot reflecting 
galvanometer (10 ohm, sensitivity 0.5 mm/yV) and a stan­
dard cell.
Potentiometer Power Supply/ type P.10/S Croydon precision 
mains operated, output voltage 2.1V at 24mA and
4
long term stability (1 in 10 per week).
Millisecond Stopclock, type TSA1014/ABC, Venner Electro­
nics, range O.lmS to 99999 secs., with an overall 
accuracy better than ImS.
Stopclock, type Jaquet solenoid actuated, range 0.1 sec 
to 15 min.
-
D.C. Power Supply for Electrical Calibration Unit, type 
AA 0500 Ether Ltd., mains operated, with output 
voltage pre-set 5-30V (30V selected) and stability 
of 1 in 2 x 10^.
2.3.2.7 - Vacuum pump
A rotatory high vacuum pump and compressor, 
"Speedivac", single stage model 1SP30B (Edwards High 
Vacuum Ltd.) was used. This particular pump has an ulti­
mate vacuum of 0.01 mm Hg and a pump capacity of 32 litres/ 
minute.
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2.3.3 - Procedure
Prior to the experiment, the calorimeter is eva­
cuated for 15 minutes, on the vacuum line, with the needle 
valve closed and a stream of pure nitrogen gas passing through 
the carrier nitrogen line.
The vacuum pump and the nitrogen flow are then 
stopped,the calorimeter disconnected and filled with 
0.15-0.20 ml of the substance by means of a microsyringe.
A slow stream of pure nitrogen gas is then passed through 
the calorimeter for 10-15 seconds, in order to ensure 
saturated vapour within the calorimeter vessel. The 
extension tubes are removed and the three exit tubes from 
the calorimeter vessel are closed with Teflon caps.
The calorimeter is weighed (±0.01 mg) and then fitted 
to the system, and the selected capillary tube and the 
vacuum system are connected.
The equilibrium temperature of the calorimeter 
and that of the thermostat are carefully adjusted by means 
of short bursts of heating current. When this is achieved 
the system is allowed to equilibrate for 15 minutes.
Before starting the vaporization process, the 
3-way stopcock in the central part of the vacuum and 
the carrier gas system is set in the selected position 
(for a direct or indirect way of performing the evapora­
tion experiment). In the direct way, the 3-way stopcock 
should be in a position such that the way is open between 
the 2-way stopcock and the vacuum outlet, but closed 
.through the vacuum needle valve ; as a safeguard, the vacuum 
needle valve should be closed. In the indirect way, the 
3-way stopcock should be in a position where the way from
128
the 2-way stopcock to the vacuum outlet is open only 
-through the vacuum needle valve, which should be open 
one turn.
In any case, the 2-way stopcock should be closed, 
the needle valve open (2 turns) and the Wheatstone bridge 
equilibrated (hull detector needle on zero).
The vaporization process is initiated by 
successively starting the vacuum pump, starting the heat­
ing (and timing), starting the nitrogen flow and opening 
the 2-way stopcock. The heating current is determined 
by pre-experiments, and must be such that it compensates 
completely for the cooling of the calorimeter due to 
the vaporization process, and so the galvanometer needle 
stays steady on zero. Throughout the evaporation pro­
cess the mean temperature of the calorimeter is maintained 
constant and equal to that of the surrounding thermostat, 
by regulating the needle valve. This balance is usually
achieved within 30-60 sec. of starting the^ experiment,
— 3 oand the temperature can be maintained to 1 x 10 C,
for the duration of the experiment, 15 minutes.
In order to end the experiment, the heating current 
is stopped (as is the timing) and after a few seconds 
(to ensure that the final temperature of the calorimeter 
is just below that of the thermostat), the 2-way stop­
cock is closed, the needle valve is opened, the nitrogen
flow stopped, the vacuum pump stopped and the air inlet 
opened (through the drying agent column), followed by the 
opening of the 2-way stopcock.
Small additional amounts of electrical energy can 
be supplied to the calorimeter to bring the temperature
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back to the operating point, being the heating time re­
corded by the timers.
After two minutes for equilibration, the calori­
meter is disconnected, the three exit tubes from the 
calorimeter vessel are closed with teflon caps as be­
fore, the calorimeter is weighed (±0.01 mg) and the 
amount of substance evaporated is calculated.
Leakage tests were performed for each substance, 
by weighing the charged calorimeter, connecting it 
to the vacuum system, allowing it to equilibrate for 
15 minutes, disconnecting and reweighing.
2.3.4 - Calculations
The amount of heat, Q, given to the calorimeter 
through the heater resistance is given by
2
Rh. V . t
Q = —---—  cal (24)
- 4.1840
where Rh is the calorimeter heating resistance (Rh = 
49.895 ohms), is the current through the heater resis­
tance (in amperes) and t is the total heating time.
The heating current (1^) is evaluated by measur­
ing the potential drop, E, (in volts), across a standard 
resistance Rs (Rs = 9.9981 ohms). So
Ih = E/Rs ' (25)
and substituting this value in equation (24) it leads to
Q = 2 KE t cal (26)4.1840 Rs
where K is a constant for the system used, defined by
K Rh 49.895 2 = 0.11929724 (27)
4.1840 Rs 4.1840 x 9.9981
The amount of substance evaporated in moles, n, 
is calculated from the weight of substance evaporated, 
m, and the molecular weight of the substance, Mw.
with Q and n defined by equations (26) and (28).
2.3.5 - Corrections
In order to obtain very accurate results, a few
tion value.
2.3.5.1 - The "Zero Effect"
When carrier gas is passed through the calori­
meter at its equilibrium temperature, a small cooling 
effect is observed. This effect is believed to be due 
to the sum of several factors (working in both directions)
(28)
The molar enthalpy of vaporization at 25.00°C
(AHv) is expressed as
AHv = ^ cal/mol (29)
corrections have to be added to the obtained vaporiza-
gas expansion after the capillary tube, gas friction in­
side the calorimeter and an equilibrium temperature 
of the calorimeter (temperature at which the experiment 
was performed) which was slightly higher (Wadsô166 reports 
7 x 10  ^ °C)than that of the surroundings, due to the 
heat effect from the thermistor current. This "zero 
effect" varies with the pressure and with the bore of the 
capillary tube, but the correction due to it is generally 
small. Wadsô166 reports values of 0-40 cal for this cor­
rection.
2.3.5.2 - The "Leakage Effect"
In the present design of the calorimeter, a small 
amount of substance is lost before and after the evapora­
tion experiment. This loss occurs mainly during connec­
tion and disconnection of the calorimeter to the gas 
tube system.
For each substance several leakage tests were 
carried out, in the way described before (see section 
2.3.3). The weight loss varied with the vapour pressure 
of the substance, as well with the type of substance.
This correction has been applied in all determinations.
2.3.5.3 - The "Gas Density Effect"
When, at the end of an experiment, the pressure 
inside the calorimeter is raised to atmospheric pressure, 
most of the carrier gas will enter the calorimeter through 
the gas outlet tube. Unless a sufficient amount of sub­
stance is present in compartments c and d at the end
1 3 2
of the experiment, the gas phase will be unsaturated 
-and will accordingly have a density different from that 
at the start of the experiment. When correcting for 
this gas phase density difference, it is assumed that 
at the end of an experiment, compartment d (0.8 ml) 
contains pure nitrogen, whereas compartment c is believed 
to contain enough substance (mainly brought there as drop­
lets by the carrier gas) to provide a gas phase density 
identical with that at the start of the experiment.
2.3.5.4 - The "Ratio Carrier Gas Effect"
It has been noticed166 that for some compounds, 
a comparatively high ratio carrier gas/evaporated sub­
stance, resulted in slightly low results. When this 
is the case, the values obtained must be extrapolated 
to a zero ratio value.
2.3.6 - Testing of the calorimeter
The calorimeter was tested by determining the 
enthalpy of vaporization of n-decane and n-undecane.
These samples were supplied by British Petroleum Co. Ltd. 
and both were 99.9 mass per cent pure, as determined 
by GLC. Both of these substances have well established 
values for their enthalpies of vaporization.
The values found, which are the mean of six differ­
ent runs, are in very good agreement with the accepted 
ones, as reported in Table 10.
Table 10 - Molar enthalpies of vaporization of hydro-
carbons
Hydrocarbon This work Accepted value Ref.
(kcal/mol) (kcal/mol)
n-decane 12.26±0.02 12.28±0.01 170
n-undecane 13.46±0.04 13.46±0.05 1,171
Tables
Table
Details of these determinations are 
11 and 12
11 - Molar enthalpy of vaporization
resumed in 
of n-decane
Number Wt.
vaporized*
(g)
Heating - 
time 
(sec)
Heating
current
(volts)
AHv
(kcal/mol)
1 0.03186 900.2 0.1600 12.278
2 0.03193 901.5• 0.1600 12.269
3 0.03209 900.9 0.1600 12.199
4 0.03194 902.1 0.1600 12.273
• 5 0.03196 901.0 0.1600 12.251
6 0.03198 903.1 0.1600 12.272
Mean : AHv = 12.2610. 02 kcal/mol
* After leakage correction 
Leakage = 0.00038 g (4 experiments) 
Vacuum = 60 cm Hg ("Indirect way")
Table 12 - Molar enthalpy of vaporization of n-undecane
Number Wt.
vaporized*
m(g)
Heating 
time 
t(sec)
Heating - 
current 
E(volts)
AHv
(kcal/mol)
1 O.OÎ272 900.2 0.1007 13.411
2 0.01267 902.1 0.1007 13.462
3 0.01266 901.3 0.1007 13.461
4 0.01265 900.2 0.1007 13.455
5 0.01255 900.2 0.1006 13.536
6. 0.01264 900.5 0.1006 13.444
Mean: AHv = 13.46±0.04 kcal/mol
* After leakage correction
Leakage = 0.00033 g (3 experiments)
Vacuum = 74 cm Hg (1Direct way")
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3.1 - The General Reaction Scheme
" o'The heat increment QR at 25 C for the general 
reversible heterogeneous reaction R:
n AA +nBB + ‘   +nMM
^ n NN +n0 0 + . . . . . . . + n z Z
is measured indirectly in .an isothermally-jacketed 
solution calorimeter by reaction in a non-volatile sol­
vent S, in which all the components are soluble. The gene­
ral thermochemical cycle is given in scheme 1.
Scheme 1
QRnAA+nBB+.......+n^M  -- > nNN+nQ0+.......+nzZ
“ o
t
Solvent S 
-> (Solution S" )
AHb
Solvent S 
(Solution S 1)
AKr ,
The pure reactants A,B,.....,M, (mole ratio n^, 
nB ,.....,nM ) are dissolved consecutively in a measured 
volume of the pure solvent at 25°C and the corresponding 
heats of reaction AH , AH^,.....AH^ are measured. Similar­
ly "the pure products N,0,..... Z, (mole ratio nN ,nQ  ,%%)
are added in succession to an equal volume V of the same 
pure solvent S at 25°C,and the corresponding enthalpy 
change for each process measured, (AHn ,AHq ,.....AHz>.
A thermodynamic equilibrium state is established in both 
solutions and the concentration of any one component 
is predetermined by the equilibrium constant, either
KR (S 1 ) or Kr (S1 ) . However, since the solutions S' and S»
are at the same constant temperature, K (S’ ) and K (S")
K
are equal provided the system has reached chemical equi­
librium during the course of the experiments ; the systems 
are thermodynamically equivalent and thus AHR is equal
to zero. The heat of reaction Q is calculated from
R
the Hess. law relationship: .
where nR is the number of moles of the component defining 
unit reaction.
AHr/ the enthalpy change per unit reaction, is
independent of the following indeterminant factors: 
the equilibrium constant K , the activity coefficient of 
each component, the kinetic order of the reaction, the 
"nature" and molecularity of side reactions, and the 
structure of each species in solution. All these factors 
are common to both systems and are thus conveniently 
eliminated from the theory.
and
The standard heat of formation of any one com­
ponent, may be calculated at 25°C if the corresponding value
is known for all the other components, as
AHR n^AAHA + nBAHB + ....  + nMAHM^ ~
- [nNAH°N+ nQAHq .+ . . . . . + nzAH°]
owhere ÀH^ is the standard heat of formation of component 
A, and so on.
All the calorimetric work described hereafter
3.2 - Solution thermochemistry of tris-(dipivaloylmetha-
nato)-aluminium(HI) . [Al (dpm) 0]
■ J
A1C13,6.00H20 + 3Hdpm (1) +■ 28.80H20(1)
3(HC1,11.60H20(1) + [Al(dpm)3](c)
was used as the basis for the calculation of the standard 
enthalpy of formation of tris-(dipivaloylmethanato)- 
aluminium(IIIJ.
posed extremely slowly in presence of the stoichiometric 
quantity of hydrochloric acid and, even if "constant- 
boiling" hydrochloric ' acid or other concentrated acids 
were used as the calorimetric liquid, the rate of decom­
position was still inconveniently slow. Satisfactory re­
sults were obtained by use of a mixture (v/v) of 80% 
p-dioxan and 20% sulphuric acid (75%), as the calori­
metric liquid, and dissolving stoichiometric quantities 
of the reactants and products in this. The different 
portions of solvent used, were prepared by mixing the 
appropriate quantities of components (measured with grade 
"A" pipettes) just before use. The thermochemical cycle 
is given in scheme 2.
The heterogeneous stoichiometric reaction (Rl)
Preliminary tests showed that the complex decom
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To the calorimetric solvent (100.00 ml), ampoules 
of water, dipivaloylmethane and aluminium chloride hexa- 
hydrate were added consecutively and AH^, AH^ and AH^ 
were measured. To a second portion of the same solvent 
(100.00 ml), were added consecutively, ampoules of hydro­
chloric acid (HC1,11.60H20) and tris-(dipivaloylmethanato) 
-aluminium(III), and AH^ and AH^ were measured.
The quantities of reactants in a particular series 
of experiments were determined by the amount of aluminium 
chloride hexahydrate in the particular ampoule; strict 
control of stoichiometry was maintained throughout each 
series. The value calculated for AHR1, if this procedure 
is used, will refer to the reaction indicated in the 
first line of the scheme, provided that solutions 
and B2 are identical and thus the value of AH^ is zero.
As a check of the validity of this, an ampoule of solu­
tion B2 was broken into solution A^ in the calorimeter; 
no detectable heat change occurred. The results are 
shown in Tables 13 17 and these lead to AHR1 = .
-0.4460.76 kcal/mol.
Table 13 - Addition of H20 to Solvent (Dioxan/H2S0^)
Run
(g)
H 2°
(molesxlO3)
(AR/R )xlO3 m E
AH
(kcal/mol)
1 0.05215 2.8947 5.5464 1366.2 -2.617
2 0.05179 2.8747 5.5474 1349.8 -2.605
3 0.05206 2.8896 5.5522 1349.8 -2.594
4 0.05203 2.8880 5.4393 1357.1 -2.556
5 0.04781 2.6538 5.0145 1360.1 -2.570
Mean ; AH^ = —2.59±0.02 kcal/mol
Table 14 - Addition of Hdpm to Solution
Run Hdpm (AR/Rm) xlO4) e ah
(g)
4(molesxlO ) (kcal/mol)
1 0.05514 : 2.9922 4.4370 1356.6 +2.012
2 0.05525 2.9981 .4.4534 1351.4 +2.007
3 0.05530 3.0009 4.2459 1359.9 +1.924
4 0.05543 3.0079 4.3399 1339.7 +1.933
5 0.05260 2.854 3 4.1813 1356.6 +1.987
Mean: .AH^ - +1.97±0.04 kcal/mol
Table 15 - Addition of A1C13,6.OOHgO to Solution A2
Run AlClg
(g)
z6.00H20
4(molesxlO )
(AR/Rm )xlO4 e AH
(kcal/mol)
1 0.02397 0.9928 2.5558 1377.6 +3.291
2 0.02414 0.9998 2.4347 1340.4 +3.264
3 0.02430 1.0065 2.5896 1301.7 +3.349
4 0.02441 1.0110 2.5895 1301.8 +3.334
5 0.02124 0.8797 ,2.2115 1279.0 +3.215
Mean: AH^ = +3.29±0.05 kcal/mol
Table 16 - Addition of HC1,11.GOI^O to Solvent
Run HC1,
(g)
11.60H20
(molesxlO^)
(AR/Rm )xlO4 e AH
(kcal/mol)
1 0.07192 ‘ 2.9318 4.8289 1313.3 -21.631
2 0.07343 2.9934 4.8288 1357.6 -21.901
3 0.07461 3.0415 4.8024 1357.3 -21.431
4 0.07713 3.1442 4.8774 1402.8 -21.760
5 0.07123 2.9037 4.7628 1313.6 -21.546
Mean: AH^ = -21.65+0.16 kcal/mol
Table 17 -- Addition of [A1(dpm)3] to Solution B1
Run [A1(dpm) 3] ( W i y
c AH
(g) (molesxlO4) (kcal/mol)
1 0.05633 0.97659 0.000 — 0.000
2 0.05758 0.99827 0.000 - 0.000
3 0.05850 1.01422 0.000 - 0.000
4 0.06048 1.04854 0.000 - 0.000
5 0.05586 0.96845 0.000 - 0.000
Mean : AH^ = 0
CMod+too kcal/mol
In this reaction there was no temperature change.
Equation Rl can be rewritten
a h r1
.A1C1 611-0 (c) + 3Hdpm(l)----
3(Hci,2H20)(aq) + [Al(dpm)3](c)
The following standard enthalpies of formation
owere taken from the literature : AHf AlGlg, (c) = 
-643.3 kcal/mol23,AHf° Hdpm(1) = -146.2±1.0 kcal/mol* 
and AHf° HCl,2H20(aq) = -170.32 kcal/mol2 3.
The standard enthalpy of formation of tris- 
(dipivaloylmethanato)-aluminium(III), crystalline, at 
25°C, was calculated from the relationship:
AHf° [Al(dpm)3 ] (c)=AHR1-3AHf° HC1/2H20(aq)+3AHf° Hdpm(l) +
+AHf° A1C13,6H20 (c )
AHf° [Al(dpm)3](c)= -571.5±3.1 kcal/mol
3.3 - Solution thermochemistry of tris-(trifluoroacetyl-
acetonato)-aluminium(III), [Al(tfacac)3]
The heterogeneous stoichiometric reaction (R2)
AHR2
A1C13,6.00H20(c ) + 3Htfacac(l) + 28.80H20(1) — -S— ►
3(HC1,11.60H20 ) (1) + [A1(tfacac)3](c)
was used as the basis for the calculation of the standard 
enthalpy of formation of tris-(trifluoroacetylacetonato)- 
aluminium(III). '
After preliminary tests of solubility it was
* See 5.2 , this thesis
found that satisfactory results could be obtained by 
using a mixture (v/v) of 75% p-dioxan and 25% "constant- 
boiling" hydrochloric acid (4.3692 M HC1) as the calori­
metric liquid, and dissolving stoichiometric quantities 
of the reactants and products in this.
The general procedure was the same as described 
before; the quantities of reactants in a particular ser­
ies of experiments were determined by the amount of alu­
minium chloride hexahydrate in the particular ampoule, 
and strict control of stoichiometry was maintained through 
out each series; the thermochemical cycle used is given 
in scheme 3.
The value calculated for AHR2, if this procedure 
is used, will refer to the reaction indicated in the first 
line of the scheme, provided that solutions and are 
identical and thus the value of AH^ is zero. As a check
of the validity of this, an ampoule of solution B2 was 
broken into solution A^ in the calorimeter; no detectable 
heat change occurred. The results are shown in Tables 18-
22 and these lead to AHR2 = -12.42±0.67 kcal/mol. 
Table 18 - Addition of H20 to Solvent (Dioxan / HC1)
Run
(g)
h 2o
(molesxlO^)
(AR/Rm )xl04 e AH
(kcal/mol)
1 0.25936 14.3960 22.8071 1592.4 -0.252
2 0.12967 7.1974 10.2764 1618.8 -0.231
3 0.12946 7.1858 9.6990 1621.1 -0.219
4 0.12957 7.1919 8.1024 1627.8 -0.222
5 0.12971 7.1997 8.6465 1637.5 -0.197
6 0.11782 6.5379 8.0644 1621.8 -0.200
Mean: Ah  ^ = -0.22±0.02 kcal/mol
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Table 19 - Addition of Htfacac to Solution
Run Htfacac (AR/R )xlC!3 : e AH
(g) (molesxlO^)
m
(kcal/mol)
1 0.23101 • : 14.9919 5.2611 1591.6 -5.585
2 0.11579 . 7.5145 . 2.5650 1615.5 -5.514
3 0.11562 7.5034 2.5506 1623.8 -5.520
4 0.11571 7.5093 2.5288 1624.8 -5.472
5 0.11606 7.5320 2.5656 1614.7 -5.500
6 0.10692 6.9388 2.3294 1600.8 -5.374
Mean : AH^ = -5.49±0.06 kcal/mol
Table 20 - Addition of A1C13,6.00H20 to Solution &2
Run AICI3,6.00H20 (AR/Rm )xl03)
e AH
(g)
4
(molesxlO ) (kcal/mol)
1 0.11508 4.7664 3.8288 1584.8 -12.730
2 0.06064 2.5116 1.9993 1619.3 -12.890
3 0.06044 2.5033 2.0126 1612.5 -12.964
4 0.06053 2.5070 2.0113 1620.7 -13.002
5 0.06404 2.6524 1.9984 1708.1 -12.869
6 0.06021 2.4938 1.9792 1612.5 -12.799
Mean : AH^ = -12 ,8810.09 kcal/mol
Table 21 - Addition of HC1,11.60H2Q to Solvent (Di-
oxan / HC1)
Run HC1 ,11.60H20 (AR/Rm )xl03 e ah
(g) (molesxlO^) (kcal/mol)
1 0.29183 11.8965 4.2274 r1358.8 
11358.6
-4.828
2 0.18406 7.5032 2.3069 1657.1 -5.095
3 0.17238 7.0271 2.1278 1616.5 -4.895
4 0.18391 7.4971 2.2812 1623.8 -4.941
5 0.18414 7.5065 2.2989 1613.4 -4.941
6 0.16756 6.8306 2.0824 1622.2 -4.946
Mean: AH^ = -4.9460.07 kcal/mol
Table 22 -• Addition of [Al (tfacac) 3 ] to Solution
Run [Al(tfacac)3] (AR/Rm )xl03 e AH
(g) (molesxlO4) (kcal/mol)
1 0.24319 5.0016 2.5692 1619.1 -8.317
2 0.12160 2.5009 1.2648 1617.9 -8.182
3 0.11379 2.3403 1.2136 1614.1 -8.370
4 0.12158 2.5005 1.3363 1624.4 -8.681
5 0.12439 2.5583 1.3888 1617.5 -8.780
6 0.11070 2.2767 1.1700 1626.1 -8.356
Mean: AH^ = -8.45±0.19 kcal/mol
1 4 8
Equation R2 can be rewritten
: AHR2
A1C13,6H20(c ) + 3Htfacac(1) — --->
3 (HC1/2H20) (aq) + [A1(tfacac)3 ]
The following standard enthalpies of formation 
were taken from the literature : AHf° A1C13 ,6H20(c) =
-643. 3 kcal/mol2 3, AHf° Htfacac (1) = -24 9. 31-1. 0 kcal/mol* 
and AHf° HCl/2H20(aq) = -170.32 kcal/mol23.
The standard enthalpy of formation of tris- 
(trifluoroacetylacetonato)-aluminium(III), crystalline, 
at 25°C, was calculated from the relationship:
AHf°[A1(tfacac)3](c)=AHR2-3AHf° HC1,2H20(aq)+3AHf Htfacac (1) +
+AHf0 A1C13 ,6H20 (c )
AHf°[Al(tfacacj3 ](c)=-892.7±3.1 kcal/mol
3.4 - Solution thermochemistry of tris-(tropolonato)-
aluminium(III), [Al(trop)3]
The heterogeneous stoichiometric reaction (R3)
....
28.80H20(1) + A1C136.00H20(c ) + 3Htrop(c) -------- .
3(HC1,11.60H20 ) (1) + [Al(trop)3](c)
was used as the basis for the calculation of the standard 
enthalpy of formation of tris-(tropolonato)-aluminium(III). 
Preliminary tests of solubility showed that the
* See 5.2 , this thesis
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complex decomposed very slowly in "constant-boiling" 
.hydrochloric acid, but satisfactory results were obtained 
using a solution of 60.08% of perchloric acid as the calori­
metric liquid, and dissolving stoichiometric quantities 
of the reactants and products in this.
To 60.08% perchloric acid (100.00 ml) (HCIO^,
3.7064Ho0), water (from a microsyringe) and ampoules 
z
of aluminium chloride hexahydrate were added consecutive­
ly and AH2 and AH^ were measured. To a second portion 
of.the same solvent (100.00 ml), were added consecutive­
ly ampoules of hydrochloric acid (HC1,11.60H20) and tris- 
(tropolonato)-aluminium(III), and AH^ and AH^ were mea­
sured. The thermochemical cycle is given in scheme 4.
The quantities in a particular series of experi­
ments were determined by the amount of AlCl^,6H20 'in the 
particular ampoule and control of stoichiometry was main­
tained throughout each series.
The value calculated for AHR3 if this procedure 
is used will refer.to the reaction indicated in the first 
line of the scheme, provided that solutions A^ and B2 
are identical and thus the value of AH^ is zero. As 
a check of the validity of this, an ampoule of solution
was broken into solution A 0 in the calorimeter; no 
2 3
detectable heat change occurred.
The value of AH^ was calculated from the litera­
ture data23, AH^ = -1.428±0.001 kcal/mol, and was found 
to be in good agreement with some experimental data ob­
tained in this laboratory20. In order to maintain the 
necessary stoichiometry of the reaction, the appropriate
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amounts of water have been added to the calorimetric
-
solvent by means of a calibrated microsyringe. This was 
always done in all the work described hereafter, when 
molar enthalpies of solution have been calculated or 
when similar values from other reactions have been used.
The other results are presented in Tables 23 
- 2 6  , and they lead to = -13.08±0.15 kcal/mol.
Table 23 - Addition of A1C1g f 6.OOI^O to Solution A^
Run a i c i 3,
(g)
G.OOH-O
(molesxlO^)
(AR/Rm )xl03 £ AH
(kcal/mol)
1 0.12212 5.0580 2.3811 2144.4 +10.096
2 0.12518 - 5.1847 2.4402 2139.0 +10.067
3 0.11949 4.9491 2.3283 2127.9 +10.011
4 0.12320 5.1027 2.4254 2135.4 +10.150
5 0.12537 5.1926 2.4 332 2136.9 +10.013
Mean: AHg = +10.07±0.05 kcal/mol
Table 24 - Addition of Htrop to Solution A^
Run
(g)
Htrop
(molesxlO4 )
(AR/Rm )xl03 c ah
(kcal/mol)
1 0.18535 "15.1771 1.3647 2124.8 -1.911
2 0.19002 15.5595 ' 1.4028 2079.5 -1.875
3 0.18140 14.8537 T. 3540 2141.5 -1.952
4 0.18690 15.3040 1.4054 2126.6 -1.953
5 0.19016 15.5710 1.4268 2117.7 -1.940
Mean : AH^ = -Î.93+O.O3 kcal/mol
Table 25 - Addition of HC1,11.60H20 to Solvent (HCIO^,
'3.7064H20) .
- ■' • •
Run HCl ,11.60H20 (AR/Rm )xl03 G AH
(g) (molesxlO^) (kcal/mol)
1 0.37306 15.2078 4.6670 2130.0 -6.536
2 0.38111 15.5360 4.7972 2143.0 -6.617
3 0.36334 14.8116 4.5706 2140.5 -6.605
4 0.37536 15.3016 4.7097 2148.6 -6.613
: 5 0.38139 15.5474 4.8074 2146.5 -6.637
M e a n :  A H ^  =  - 6 . 6 0 + 0 . 0 3  k c a l / m o l
Table 26 - Addition of [Al(trop)^] to Solution
Run
[Al (trop) 3 ]
4
(AR/R^)xlO £ AH
(g) (molesxlO4) (kcal/mol)
1 0.19275 -4.9381 9.1113 2132.3 -3.934
2 0.20202 . 5.1756 . 9.5639 2094.6 -3.870
3 0.19089 4.8905 9.1466 2133.3 -3.990
4 0.19914 5.1018 9.5809 2146.8 -4.031
5 0.20236 5.1843 9.7579 2127.7 -4.005
Mean: AH^ = -3.97±0.06 kcal/mol
Equation R3 can be rewritten
h r 3
A1C13,6H20(c ) + 3Htrop(c) — —  >
:3(HClf2H20)-'(aq) . + [Al (trop) 3] (c)
The following standard enthalpies of formation
were taken from the literature: AHf° AlCl_,6Ho0 = -643.3• 3 2
kcal/mol23, AHf Htrop (c) = -57.18±0. 21 kcal/mol11172 and 
AHfp HC1,2H20 = -170.32 kcal/mol23.
The standard enthalpy of formation of tris-(tro- 
polonato)-aluminium(III),crystalline, at 25 C, was cal­
culated from the relationship:
AHf°[Al(trop)3](c)=AHR3-3AHf° HCl,2H20 (aq)+3AHf° Htrop (c) +
+AHf° A1C13,6H20 (c )
A H f °  [ A l  ( t r o p )  3 ] ( c )  == - 3 1 6 .  9 6 ± 0 .  6 6  k c a l / m o l
3.5 - Solution thermochemistry of tris-(methyltropolo-
nato)-aluminium(III), [Al(Metrop)^]
The heterogeneous stoichiometric reaction (R4)
AH 4
28.80H20(1) + A1C136.00H20(c ) +3HMetrop(c)  ---
3 (HC1,11. 60H20) (1) + [Al(Metrop)3] (c)
was used as the basis for the calculation of the standard 
enthalpy of formation of tris-(methyltropolonato)-alu­
minium (III) .
Preliminary solubility tests showed that satis­
factory results could be obtained using a solution of 
61.49% of perchloric acid as the calorimetric liquid, 
and dissolving stoichiometric quantities of the reactants 
and products in this.
The general procedure was the same as described 
for the tris-(tropolonato)-aluminium(III) complex; the 
quantities of reactants in a particular series of experi­
ments were determined by the amount of aluminium chloride 
hexahydrate in the particular ampoule, and strict control 
of stoichiometry was maintained throughout each series.
The thermochemical cycle used is given in scheme 5.
The value calculated for AH^, if this procedure 
is used, will refer to the reaction indicated in the first 
line of the scheme, provided that solutions A^ and are 
identical and thus the value of AH^ is zero. As a check 
of the validity of this, an ampoule of solution was 
broken into solution A^ in the calorimeter; no detectable 
heat change occurred.
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The value of AH, was calculated from the litera-
1 • - ■
ture data23, AH1 = -1.378±0.001 kcal/mol, and was found 
to be in good.agreement with some experimental data ob­
tained in this laboratory 2 0. The other results are pre­
sented in Tables 27 - 30 and they lead to AHR4 =
+0.26±0.34 kcal/mol.
Table 27 - Addition of AlCl^,6.OOH^O to Solution
Run A1C1 3,6.00H20 (AR/Rm )xlO3 e
AH
(9) (molesxlO^) (kcal/mol)
1 0.12325 5.1048 2.7374 2091.6 +11.206
2 0.12118 5.0190 2.6631 2085.4 +11.065
3 0.12011 4.9747 2.6992 2087.8 +11.328
4 0.12028 4.9818 2.6206 2128.6 +11.197
5 0.12480 5.1690 2.7237 2122.2 +11.183
6 0.12340 5.1110 2.7252 2119.4 +11.301
Mean : AH^ = +11.21+0.08 kcal/mol
Table 28 ■- Addition of HMetrop to Solution A2
Run HMetrop (AR/Rm )xlO3) B AH
(9) (molesxlO^) (kcal/mol)
1 0.20850 15.3179 1.1868 2086.8 -1.617
2 0.20512 15.0655 1.3020 2080.8 -1.798
3 0.20291 14.9032 1.1902 2128.6 -1.700
4 0.20354 14.9495 1.1856 2126.5 -1.686
5 0.21113 15.5070 1.2704 2119.1 -1.. 736
6 0.20872 15.3300 1.2494 2115.4 -1.724
Mean: Ah  ^ = -1.71+0.05 kcal/mol
Table 29 - Addition of HClzll.GO^O to Solvent (HCIO^,
3.4937H20
Run HCl, 11.60H20
( AR/R )xlO3 m e AH
(g); (molesxlO4) (kcal/mol)
1 0.37245 15.1829 5.8334 2132.7 -8.194
2 0.36951 15.0631 5.9405 2085.4 -8.224
3 0.36611 14.9245 5.8538 2083.0 -8.170
4 0.36697 14.9596 5.8607 2134.8 -8.363
5 0.38038 15.5062 5.8551 2126.9 -8.059
6 0.37718 15.3758 5.8239 2133.9 -8.083
Mean : AH^ = -8.19±0.09 kcal/mol
Table 30 -• Addition of [Al(Metrop)3] to Solution
Run [A1(Metrop)
(AR/Rm )xl03 e AH
- (g) (molesxlO4) (kcal/mol)
1 0.22097 5.1102 2.2342 2115.2 -9.248
2 0.22080 5.1062 2.2079 2108.8 -9.118
3 0.21633 5.0029 2.1268 2163.1 -9.196
4 0.21702 5.0188 2.2850 2082.2 — 9.4 80
5 0.23199 5.3650 2.3824 2127.3 -9.446
6 0.22185 5.1305 2.2331 2137.1 -9.302
M e a n :  A H ^  =  - 9 . 3 0 + 0 . 1 1  k c a l / m o l
1 5 8
Equation R4 can be rewritten
AHR4AlCl,»6H_0(c)-+ 3HMetrop(c) — — — >
3 (HC1,2H20)(aq) + [A1(Metrop)3](c)
The following standard enthalpies of formation were 
taken from the literature : AHf° AlCl^,6H20(c) = -643.3
kcal/mol23 , AHf° HMetrop (c) = -65.9 ±0 .7 kcal/mol173 and 
AHf° HC1,2H20 = -170.32 kcal/mol23.
The standard enthalpy of formation of tris-(methyl­
tropolonato) -aluminium (III) , crystalline, at 25°C, was 
calculated from the relationship :
AHf°[A1(Metrop)(c)=AHR4-3AHf0HCl,2H20(aq)+3AHf°HMetrop(c)+
+AHf° A1C13,6H20 (c )
AHf° [Al(Metrop)3] (c)=-329.8±2.2 kcal/mol.
3.6 - Solution thermochemistry of bis-(dipivaloylmethanato)-
nickel (II) , . [Ni (dpm) 2 J ,
The heterogeneous stoichiometric reaction (R5)
AHRC
NiCl2,6.00H20(c) + 2Hdpm(l) + 17.20H20(1) — — — &
2 (HC1,11.60H20 ) (1) + [Ni(dpm)2] (c)
was used as the basis for the calculation of the standard 
enthalpy of formation of bis-(dipivaloylmethanato)-nickel (II).
Preliminary solubility tests showed that satisfac­
tory results could be obtained using a solution (v/v) 
of 75% p-dioxan and 25% "constant-boiling" hydrochloric
1 5 9
acid (4.3692 M HCl) as the calorimetric liquid, and dis­
solving . stoichiometric quantities of the reactants and 
products in this. •
The general procedure was the same as described 
before; the quantities of reactants in a particular ser­
ies of experiments were determined by the amount of nic­
kel (II) chloride hexahydrate in the particular ampoule, 
and strict control of stoichiometry was maintained through­
out each series. The thermochemical cycle used is given in 
scheme 6.
The value calculated for AHr5/ if this procedure 
is used, will refer to the reaction indicated in the first 
line of the scheme, provided that solutions and 
are identical and thus the value of AH^ is zero. As a 
check of the validity of this, an ampoule of solution 
B2 was broken into solution A^, in the calorimeter; no 
detectable heat change occurred. The results are presented 
in Tables 31 - 34 and they lead to AHr5 = +15.00+0.37
kcal/mol.
Table 31 - Addition of HCl,11.60H20 to Solvent(Dioxan / HCl)
Run HCl,
(g)
11.60H20
4
(molesxlO )
(AR/Rm )xlO4 e AH
(kcal/mol)
1 0.12276 5.0043 15.2970 1610.1 -4.922
2 0.12270 5.0019 15.0864 1604.8 -4.840
3 0.12247 4.9925 15.0810 1637.8 -4.947
4 0.12257 4.9966 15.3493 1610.1 —4.946 -
5 0.12450 5.0752 15.3167 1637.3 -4.941
Mean : AH^ = -4.92+0.04 kcal/mol
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This result agrees remarkably well with the value 
found for a similar reaction (AH = -4.94±0.07 kcal/mol) 
during the determination of the standard enthalpy of for­
mation of tris-(trifluoroacetylacetonato)-aluminium(III), 
which shows that the composition of the calorimetric sol­
vent could be maintained constant.
Table 32 - Addition of [Ni(dpm)2] to Solution
Run [Ni(dpm) 2] (AR/Rm )xl04 e AH
(g) (molesxlO^) (kcal/mol)
1 0.10681 2.5117 6.0852 1669.3 -4.044
2 0.10612 2.4954 6.0449 1644.4 -3.983
3 0.10601 2.4929 5.8772 1621.6 -3.823
4 0.10610 2.4950 5.8864 1627.4 -3.840
5 0.10682 2.5119 6.0349 1627.5 -3.910
Mean : AH2 = -3.92+0.08 kcal/mol
In view of the constancy of the result obtained 
for the molar enthalpy of solution of HC1,11.60H20 in 
the solvent 75% p-dioxan/ 25% 4.4 M HCl during the stud­
ies of this complex and of tris-(trifluoroacetylacetonato)- 
aluminium(III), it was decided to take for AH^ the value 
obtained before (see section 3.3, this thesis), and so 
AHg = -0.22±0.02 kcal/mol. This assumption is also- justi­
fied by the small value of that parameter. As a result 
of this, and in order to maintain the necessary stoichio-
metry of the reaction, the appropriate amounts of water 
have been added to the calorimetric solvent by means of 
a calibrated micro-syringe.
Table 33 - Addition of Hdpm to Solution
Run Hdpm (AR/Rm )xlO!4 e AH
(kcal/mol)(g) (molesxlO4)
1 0.09212 4.9989 8.4078 1594.6 +2.682
2- 0.09205 4.9951 8.4680 1640.5 +2.781
3 0.08627 4.6814 7.8557 1603.1 +2.690
4 0.09201 4.9929 8.3977 1652.0 +2.779
5 0.09215 5.0005 8.3835 1640.6 +2.750
Mean: AH^ = +2.7410.04 kcal/mol
Table 34 - Addition of NiCl2 ,6.00H20 to Solution A2
Run NiC12 
(g)
,6.00H20
(molesxlO4)
(AR/Rm )xl05 e AH
(kcal/mol)
1 0.05933 2.4959 6.6303 1534.0 -0.408
2 0.05950 2.5030 6.9288 1652.0 —0.457
3 0.05564 2.3406 6.3082 1596.2 -0.430
4 0.05928 2.4938 8.2161 1615.6 -0.533
5 0.05952 2.5039 7.1762 1616.1 —0.463
M e a n  : A H ^  =  - 0 . 4 6 ± 0 . 0 4  k c a l / m o l
Equation R5 can be. rewritten
AHR5'NiCl2 ,6H20(c) + 2Hdpm(l) ----
2(HC1,3H20) (aq)"+ [Ni(dpm)2] (c)
The following standard enthalpies of formation 
were taken from the literature : AHf0 NiClg/GHgOfc) =
-502.67 kcal/mol24, AHf° Hdpm (1) = -146.2±1.0 kcal/mol* 
and AHf° HC1/3H20 = -240.44 kcal/mol23.
The standard enthalpy of formation of bis-(dipi-
' ‘ ovaloylmethanato)-nickel(II),crystalline, at 25 C, was 
calculated from the relationship:
AHf° [Ni (dpm) 2 ] (c) = H ^ - 2  f°HCl, 3H20 (aq) +2AHf°Hdpm (1) +
+AHf° NiCl2 ,6H20(c)
AHf°[Ni(dpm)2](c)=-299.2±2.0 kcal/mol
3.7 - Solution thermochemistry of bis-(dipivaloylmethan-
ato)-beryllium(II), [Be(dpm)2]
The heterogeneous stoichiometric reaction (R6)
AH_
BeS04 ,4.00H20(c) + 2Hdpm(l) + 19. 69H20(1) -
[Be (dpm) 2] (c) + H2S04 ,23.-69H20 (1)
was used as the basis for the calculation of the standard 
enthalpy of formation of bis-(dipivaloylmethanato)-beryl­
lium (II)
After preliminary tests of solubility it was found 
that satisfactory results could be obtained by using a 
mixture (v/v) of 75% p-dioxan and 25% "constant-boiling" 
hydrochloric acid (4.3692 M HCl) as the calorimetric li­
quid, and dissolving stoichiometric quantities of the
* See Section 5 . 2  , this thesis
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reactants and products in this.
The general procedure was the same as described 
before; the quantities of reactants in a particular ser­
ies of experiments were determined by the amount of bis- 
(dipivaloylmethanato)-beryllium(II) in the particular 
ampoule, and strict control of stoichiometry was maintained 
throughout each series. The thermochemical cycle used 
is given in scheme 7.
The value calculated for AHR6, if this procedure 
is used, will refer to the reaction indicated in the first 
line of the scheme, provided that solutions and are 
identical and thus the value of AH^ is zero. As a check
of the validity of this, an ampoule of solution was 
broken into solution A 0, in the calorimeter; no detect- 
able heat change occurred. The results are presented
in Tables 35 - 39 , and these lead to AHR  ^ = +4.47+0.41
kcal/mol.
Table 35 - Addition of H - S O . t o  Solvent
(Dioxan / HCl)
Run H2SO4,23.69H20
(AR/R )xlC,4 s AH
(g) (molesxlO^) (kcal/mol)
1 0.13079 2.4925 9.1421 1643.1 -6.026
2 0.13292 2.5331 9.3738 1634.1 —6.047
3 0.13106 2.4977 9.0916 1640.8 -5.973
4 0.13144 2.5049 9.2469 1656.0 -6.113
5 0.13421 2.5577 9.4337 1626.7 -6.000
Mean : AH^ = -6.03±0.05 kcal/mol
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Table 36 - Addition of [Be(dpm)^ ] to Solution
Run [Be (dpm) 2 ]
. 4
(AR/Rm )xKr e " AH
(g) (molesxlO^) (kcal/mol)
1 0.09355 -2.4910 9.0938 1609.9 +5.877
2 0.09511 2.5325 9.3506 1621.5 +5.987
3 0.09377 2.4968 8.7875 1663.2 +5.854
4 0.09393 2.5011 8.8458 1643.2 +5.812
5 0.09607 2.5581 . 9.2978 1650.7 +6.000
Mean: = +5.91±0.07 kcal/mol
Table 37 - Addition of HgO to Solvent: (Dioxan/ HCl)
Run H2°
(AR/Rm )xl04 £ AH
(g) (molesxlO )^ (kcal/mol)
1 0.08707 4.8329 6.5534 1615.0 -0.219
2 0.09186 5.0988 6.7591 1644.5 -0.218
As the solvent used in this reaction has the same 
composition as the one used for the determination of the 
standard enthalpies of formation of tris-(trifluoroacetyl­
acetonato) -aluminium (III) and bis-(dipivaloylmethanato)- 
nickel(II), and as the enthalpy of solution of water in 
this solvent was found to have the same value as deter­
mined before, (within the experimental errors), and in 
view of its small value, it was decided to adopt here 
the previously determined value (see section 3.3, this
thesis), and so, AH^ = -0.22±0.02 kcal/mol. 
Table 38 - Addition of Hdpm to Solution
Run Hdpm
4
(AR/RJx IOV ■ ‘ e ah
(g)
4(molesxlO ) (kcal/mol)
1 0.09050 4.9110 8.1421 1640.6 +2.720
2 0.09715 5.2718 8.1455 1759.8 +2.719
As the solvent used in this reaction has the same 
composition as the one used for the determination of the 
standard enthalpy of formation of bis-(dipivaloylmethanato) 
nickel(II), and as the enthalpies of solution of water 
and dipivaloylmethane were £ound to have" the same values 
as determined before, (within the experimental errors), 
it was decided to adopt here the previously determined 
value (see section 3.6, this thesis), and so, AH^ =
+2.74±0.04 kcal/mol.
Table 39 - Addition of BeSO^,4.OOH^O to Solution A^
n BeSO.,4.00Ho0 (AR/R)xl04 e AHRun  4 2_________   m
(g) (molesxlO4) (kcal/mol)
1 0.04420 2.4953 4.8115 1642.6 +3.167
2 0.04457 2.5162 4.9471 1628.7 +3.202
3 0.04435 2.5037 4.9761 1656.9 +3.293
4 0.04438 2.5054 4.8976 1631.5 +3.189
5 0.04457 2.5162 4.8869 1626.5 +3.159
M e a n  : A H ^  =  + 3 . 2 0 ± 0 . 0 5  k c a l / m o l
Equation R6 can be rewritten
AH ‘
JBeS04 ,4H20(c) + 2Hdpm(1) -■ ■ ■>
[Be (dpm) 2] (c) + H2S04 ,4H20(aq)
The following standard enthalpies of formation
were taken from the literature : AHf° BeSO^, 4 ^ 0  (c) -
-579.29 kcal/mol26, AHf° Hdpm(l) = -146.2±1.0 kcal/mol*
and AHf0 H2S04 ,4H20(aq) = -480.688 kcal/mol23.
The standard enthalpy of formation of bis-(dipi-
ovaloylmethanato)-beryllium(II), crystalline, at 25 C, 
was calculated from the relationship:
AHf° fee(dpm)23 (c)=AHf° H2S04,4H20(aq)+2AHf° Hdpm(l)+
o ■'+AHf BeS04 ,4H20(c)
AHf° [Be (dpm) 2] (c) =-386. 5+2.0 kcal/mol.
3.8 - Solution thermochemistry of bis-(trifluoroacetyl-
acetonato)-beryllium(II),[Be(tfacac)2 ]
The heterogeneous stoichiometric reaction (R7):
. AH "
BeS04,4.00H20(c) + 2Htfacac(l) + 19.69H20(1)  --
[Be (tfacac) 2] ( c )  + H2S04 ,23. 69H20(1)
was used as basis for the calculation of the standard 
enthalpy of formation of bis-(trifluoroacetylacetonato)- 
beryllium(II).
Preliminary tests of solubility indicate that satis­
factory results could be obtained by using a mixture (v/v) 
of 75% p-dioxan and 25% "constant-boiling" hydrochloric
* See 5.2 , this thesis
acid (4.3692 M HCl) as the calorimetric liquid, and dis­
solving stoichiometric quantities of the reactants and
. ■ ■■ ■ 
products in this.
The general procedure was the same as described be­
fore; the quantities of reactants in a particular series 
of experiments;were determined by the amount of bis-(tri­
fluoroacetylacetonato )-beryllium(II) in the particular 
ampoule, and strict control of stoichiometry was main­
tained throughout each series. The thermochemical cycle 
used is given in scheme 8.
.The value calculated for AHr7, if this procedure 
is used, will refer to the reaction indicated in the first 
line of the scheme, provided that solutions and are 
identical and thus the value of AH^ is zero. As a check 
of the validity of this, an ampoule of solution B^ was 
broken into solution A^, in the calorimeter; no detectable 
heat change occurred. The results are presented in Tables 
40 - 44 , .and they lead to AHR  ^ - -0.05±0.42 kcal/mol.
. ' /
Table 40 - Addition of H^BO^,23.69H^O to Solvent
(Dioxan / HCl)
Run H2SO4 , 23.69H20 (AR/R )xlO4 m e
AH
(g) (molesxlO4) (kcal/mol)
1 0.13116 2.4996 9.2219 1624.1 -5.992
2 0.13096 2.4958 9.1069 1661.8 -6.064
These values fall inside the experimental error of 
the value found for the same reaction in the study of
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bis- (dipivaloylmethanato)-beryllium(,II) , (see 3.7, this
thesis),and so this proves that the solvent prepared for
the present calorimetric work is equivalent to the one
prepared previously. As a result of this, the value found
before for a set of five experiments was taken, and so
AH1 = -6.03±0,05 kcal/mol.
; - ' :  ^
Table 41 - Addition of [Be(tfacac)^ to Solution
A
Run [Be (tfacac) 2 ] (AR/RJ x K T  e AH
(g) (molesxlO ) (kcal/mol)
1 0.07878 2.4996 9.7143 1593.1 -6.191
2 0.07866 2.4958 9.7474 1601.8 -6.256
3 0.07880 2.5002 9.5592 1605.3 -6.138
4 0.07896 2.5053 9.5892 1589.2 -6.083
5 0.07853 2.4916 9.5995 1608.0 -6.195
Mean: AH^ = -6.17±0.06 kcal/mol
Table 42 - Addition of H^O to Solvent (Dioxan/ HCl)
Run H2°
(AR/Rm )xl04 e AH •
(g) (molesxlO^) (kcal/mol)
1 0.08901 4.9406 6.5824 1650.5 -0.220
2 0.08857 4.9162 6.2358 1615.9 -0..205
These values agree very well (within the experimental 
error) with the one found for the same reaction in the
study of bis-(dipivaloylmethanato)-heryllium(II) (see 
3.7, this thesis), which supports the experimental results 
obtained before, during the solution reaction of H2S04 '
23.69HnO. Therefore, the value determined previously for 
a set of five experiments was adopted, and so AH^ = -0.22± 
0.02 kcal/mol.•
Table 43 - Addition of Htfacac to Solution
Run Htfacac (AR/Rm )xl03 6 AH
(g) (molesxlO^) (kcal/mol)
1 .0.07737 5.0211 1.6629 1654.6 -5.480
2 0.07699 4.9964 1.7159 1601.5 -5.500
These values are also in excellent agreement with 
the ones found for a similar reaction in the study of tris- 
(trifluoroacetylacetonato)-aluminium(III) (see 3.3, this 
thesis) and so, as previously, the value found before in 
a series of six determinations was taken : AH^ = -5.49±0.06 
kcal/mol.
Table 44 - Addition of SeSO^,4.OOh^O to Solution A^
Run BeS04,4H20
4
(AR/R )xlO e m
■AH
(g) (molesxlO^) (kcal/mol)
1 0.04427 2.5105 4.8131 1596.3 +3.060
2 0.04425 2.4981 4.6811 1595.3 +2.989
3 0.04422 2.4964 4.7856 1602.1 +3.071
4 0.04438 2.5054 4.8746 1607.5 +3.128
5 0.04399 2.4834 4.6738 1609.9 +3.030
Mean: AH^ = -i-3.06i0.05 kcal/mol
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Equation R7 can be rewritten
' AH
BeS0^,4H 0(c) + 2Htfacac(1)  --
fee(tfacac)2](c) + H2S04 ,4H20(aq)
The following standard enthalpies of formation
■ ' ^ - ' ■’ owere taken from the literature : AHf BeSO^,4H20(c) =
-579.29 kcal/mol26, AHf° Htfacac (1) = -249. 3±1.0 kcal/mol* 
and AHf H2SO^,4H20(aq) = -480.688 kcal/mol23.
The standard enthalpy of formation of bis-(tri­
fluoroacetylacetonato) -beryllium(II), crystalline, at 
25°C, was calculated from the relationship
AHf° [Be(tfacac)2] (c)=AHR7-AHf° H2S0.,4H20(aq)+2AHf°Htfacac(1)
+AHf° BeS04,4H20(c)
AHf0 [Be(tfacac)0](c)=-597.3±2.0 kcal/mol.
3.9 - Solution thermochemistry of bis-(tropolonato)-
. beryllium (II) , [Be (trop) 2]
The heterogeneous stoichiometric reaction (R8)
AHRg
15.22H20(1) + BeS04,4.00H20(c) + 2Htrop---
H2S04 ,19.22H20(1) + [Be (trop) 2] (c)
was used as the basis for the calculation of the standard 
enthalpy of formation of bis-(tropolonato)-beryllium(II).
- Preliminary tests of solubility showed that satis­
factory results could be obtained by using a 60.08% solu­
tion of perchloric acid as the calorimetric liquid, and
* See 5.2, this thesis.
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dissolving the stoichiometric quantities of the reactants 
and products in this.
The general procedure was the same as described 
before; the quantities of reactants in a particular series 
of experiments were determined by the amount of bis-(tro­
polonato) -beryllium(II) in the particular ampoule, and 
strict control of stoichiometry was maintained throughout 
each series. The thermochemical cycle is given in scheme 9.
The value of AHRg, if this procedure is used, will 
refer to the reaction indicated in the first line-of the.
scheme, provided that solutions and are identical and
thus the value of AH^ is zero. As a check of the validity
of this, an ampoule.of solution B^ was broken into solu­
tion A_ in the calorimeter; no detectable heat change oc- 
j
curred.
The value of AH, was calculated from the literature1
data , AH^ = -1.429±0.001 kcal/mol, and was found to be 
in good agreement with some experimental data obtained 
in this laboratory20. The other results are presented in 
Tables 45 - 48 , and they lead to AHRg = +4.40±0.06
kcal/mol.
Table 45 - Addition of BeSO^ , 4 .00^0 to Solution A^
Run BeS04 ,4.00H20
(AR/Rm )xlO3 B AH
(g) (molesxlO^) (kcal/mol)
1 0.09727 5.4913 2.6592 2144.1 +10.383
2 0.09318 5.2604 2.7244 1994.5 +10.330
3 0.09022 5.09 33 2.4644 2136.7 +10.338
4 0.08729 4.9279 2.4058 2109.3 +10.298
5 0.09150 5.1655 2.4982 2128.8 +10.295
Mean; AH^ = +10.33+0.03 kcal/mol
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Table 46 - Addition of Htrop to Solution A^
Run Htrop (AR/Rm )xlOi4 e ' AH
(g)
4
(molesxlO ) (kcal/mol)
1 0.13412 10.9822 9.7255 2055.6 -1.821
2 0.12850 10.5220 9.0241 2113.9 -1.813
3 0.12035 9.8547 8.6170 2115.8 -1.850
4. 0.11927 9.7662 ^ 8.1010 2141.7 -1.777
5 0.12616 10.3304 8.7109 2135.1 -1.800
Mean: AH^ = -1.81+0.02 kcal/mol.
Table 47 - Addition of H2S04 ,19.22H20 to Solvent
-
-(HC104 ,3.7064H20)
Run H2SO4,19.22H20 (AR/Rm )xl03 e AH
(g) (molesxlO4) (kcal/mol)
1 0.25209 5.4721 3.7358 2129.7 -14.540
2 0.24499 5.3180 3.6337 2135.8 -14.594
3 0.23510 5.1033 3.4675 2146.2 -14.583
4 0.22736 4.9353 3.3583 2133.8 -14.520
5 0.23089 5.0119 3.4161 2143.7 -14.611
M e a n :  =  - 1 4 . 5 7 ± 0 . 0 3  k c a l / m o l
Table 48 - Addition of [Be(trop)2 ] tp Solution
Run [Be(trop)2 ] (AR/Rm )xlC
>3 s AH
(g) (molesxlO4) (kcal/mol)
1 , 0.13765 .5.4787 1.3194 2135.3 -5.142
2 0.13381 5.3259 1.2926 2135.2 -5.182
3 0.12535 4.9891 1.2090 2125.2 -5.150
4 0.12406 4.9378 1.2129 2105.5 -5.172
5 0.12822 5.1034 1.2419 2130.4 -5.185
Mean: AH^ = -5.1710.02 kcal/mol
Equation R8 can be rewritten
AH g
BeS0^,4H 0(c) + 2Htrop (c)   — >
H2S04 ,4H20(aq) + [Be(trop)2J (c)
The following standard enthalpies of formation 
were taken from the literature: AHf BeSO^,4H20(c) =
-579.29 kcal/mol26, AHf° Htrop (c) = -57.1810.21 kcal/mol11172 
and AHf° H2S0.,4H20(aq) = -480.688 kcal/mol23.
The standard enthalpy of formation of bis-(tro- 
polonato)-beryllium(II), crystalline, at 25°C, was cal­
culated from the relationship
AHf° fee (trop)2] (c)=AHR8-AHf°H2S04,4H20(aq)+AHf°BeS04 ,4H20 (
+2AHf°Htrop(c)
AHf° [Be(trop)2] (c)=-208.56±0.42 kcal/mol.
3.10 - Solution thermochemistry of bis-(tropolonato)-
copper(II), [Cu(trop)2]
The heterogeneous stoichiometric reaction (R9)
CuS04 ,5.00H20(c) + 2Htrop(c) + 18.69H20(1) — — — >
: [Cu(trop)2] (c) + H2S04 ,23.69H20(1)
was used as the basis for the calculation of the standard 
enthalpy of formation of bis-(tropolonato)-copper(II).
Preliminary tests of solubility showed that satis­
factory results could be obtained by using a molar solu­
tion of sulphuric acid as the calorimetric liquid, and 
dissolving the stoichiometric quantities of the reactants 
and products in this.
The general procedure was the same as described 
before; the quantities of reactants in a particular ser­
ies of experiments were determined by the amount of bis- 
(tropolonato)'-copper (II) in the particular ampoule, and 
strict control of stoichiometry was maintained through­
out each series.
The thermochemical cycle is given in scheme 10.
The value of AHr9 , if this procedure is used, 
will refer to the reaction indicated in the first line 
of the scheme, provided that solutions and B2 are 
identical and thus the value of AH^ is zero. As a check 
of the validity of this, an ampoule of solution B2 was 
broken into solution -A^  in the calorimeter; no detectable 
heat change occurred. -
The values of AH^ and AH^ were calculated from
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the literature data23, and they were found to be, =
+0 .001±0.001 kcal/mol and AH^ = 0 .000+0.001 kcal/mol.
In order to maintain the necessary stoichiometry of the 
reaction, the appropriate amounts of sulphuric acid and 
water have been added to the calorimetric solvents by 
means of calibrated microsyringes.
The other results are presented in Tables 49 
51 , and they lead to AH^g = +6.88±0.06 kcal/mol.
Table 49 - Addition of [Cu( t r o p ) to Solution
Run [Cu (trop) 2 ]
(■Ar/R ) xlQ3 e AH
. (g) (molesxlO^) (kcal/mol)
1 0.15293 5.0013 1.4018 2586.1 +7.249
2 0.15299 5.0033 1.4099 2583.5 +7.280
3 0.15256 4.9892 1.3992 2584.3 +7.248
4 0.15354 5.0213 1.3967 2580.1 +7.177
5 0.15299 5.0033 1.4276 2572.8 +7.341
6 0.15253 4.9882 1.4046 2584.0 +7.276
Mean : AH^ = +7.2610.04 kcal/mol
Table 50 - Addition of Htrop to Solution A^
Run Htrop (Ar/r )xlO3 e AH
(g) (molesxlO4) (kcal/mol)
1 0.12245 10.0266 1.7224 2585.0 +4.441
2 0.12258 10.0373 1.7189 2588.3 +4.433
3 0.12241 10.0234 1.7153 2582.5 +4.420
4 0.12364 10.1241 1.7332 2584.7 +4.425
5 0.12245 10.0266 1.6952 2580.8 +4.364
6 0.12209 9.9972 1.7134 2585.5 +4.431
Mean : AH^ = +4.4210.02 kcal/mol
Table 51 - Addition of CuSO^,5.00H20 to Solution A^
1 0 1
Run CuSO4,5.00H20 (AR/R^JxlO3 bm . Ah
(g) (molesxlO4) (kcal/mol)
1 0.12475 4.9962 1.0114 2588.9 +5.240
2 0.12495 -5.0043 1.0266 2578.3 +5.289
3 0.12474 4.9958 1.0266 2577.4 +5.296
4 0.12509 5.0010 1.0343 2582.5 +5.332
5 0.12494 5.0039 1.0297 2574.1 +5.297
6 0.12469 4.9938 1.0237 2593.1 +5.316
Mean : AH,- =
D
+5.30±0.03 kcal/mol
Equation R9 can be rewritten
AH
CuS04 ,5H20(c) + 2Htrop(c) ---
[Cu(trop)2](c) + H2S04 ,5H20(aq)
The following standard enthalpies of formation 
were taken from the literature : AHf° CuS04,5H20(c) =
-544 . 85 kcal/mol 2V  AHf ° Htrop(c) - -57.18±0.21 kcal/mol11172 
and AHf° H2S04 , 5H20 (aq) = -549 . 863±0.001 kcal/mol23.
The standard enthalpy of formation of bis-(tro- 
polonato)-copper(II), crystalline, at 250C, was calculated 
from the relationship
AHf° [Cu (trop) 2] (c)=AHR9-AHf° H2S04 ,5H20 (aq)+AHf° CuS04 , 5H20 (c) +
+ 2AHf° Htrop(c)
AHf° [Cu(trop) 2] (c)= -102. 47±0. 42 kcal/mol.
CHAPTER 4
DETERMINATION OF MOLAR ENTHALPIES
OF VAPORIZATION OF (3 -DI KETONES
1 8 3
4.1 - Experimental determinations . -
• 4.1.1 - Determination of the molar enthalpy of vaporiza­
tion of 2 ,2/6 ,6-tetramethyl-3,5-heptanedione (Hdpm) 
The molar enthalpy of vaporization of dipivaloyl- 
methane was determined by a series of six independent 
experiments, using the same experimental conditions in 
each one. The so-called "indirect way" was used and the 
vacuum inside the calorimeter was maintained between 
73-74 cm Hg for the 15 minutes of each experiment. About 
0.3 g of 3-diketone were added to the calorimeter and 
three successive determinations were made. The calori­
meter was cleaned, recharged with another 0.3 g of 8-diketone 
and another three determinations were made. There was no 
significant difference between the two sets of results.
Three leakage tests were carried out giving an 
average value of 0.04 mg.
The results of the individual experiments are 
presented in Table 52 and they lead to the average value 
of 14.2310.03 kcal/mol for the molar enthalpy of vapori­
zation of dipivaloylmethane.
4.1.2 - Determination of the molar enthalpy of vaporiza­
tion of 2 , 2-dimethyl-3,5-heptanedione (Hpiprm)
The molar enthalpy of vaporization of pivaloyl- 
propionylmèthane was determined as before, using the 
same experimental conditions and a pressure of 70 'cm Hg.
Two leakage tests showed an average^Toss of 0.10 mg.
\ The results of the individual experiments are 
presented in Table 53 and they lead to the average value
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of 13.59±0.03 kcal/mol for the molar enthalpy of vaporiza­
tion of pivaloylpropionylmethane.
Table 52 - Molar enthalpies of vaporization of dipivaloyl-
methane
No. Wt.vaporized* Heating time Heating current AHv
. m(g) t (sec) E(volts) (kcal/mol)
0.01410 900.13 0.1005 14.191
2 0.01403 900.19 0.1005 14.247
3 0.01407 900.23 0.1005 14.207
4 0.01400 900.26 0.1005 14.278
5 0.01407 899.98 0.1005 14.203
6 0.01405 900.11 0.1005 14.225
Mean : AHv = +14.23±0.03 kcal/mol
* After leakage correction
Table 53 - Molar enthalpies of vaporization of pivaloyl-
propionylmethane
No. 'Wt.vaporized* Heating time Heating current AHv
m(g) t (sec) E(volts) (kcal/mol)
1 0.01241 900.19 0.1002 13.573
2 0.01235 900.17 0.1002 13.639
3 0.01236 900.17 0.1002 13.628
4 0.01243 900.16 0.1002 13.551
5 0.01246 901.65 0.1002 • 13.541
6 0.01240 900.60 0.1002 13.590
Mean: AHv = +13.59+0.03 kcal/mol
After leakage correction
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4.1.3 - Determination of the molar enthalpy of vaporiza­
tion of 2,2,6-trimethy1-3,5-heptanedione (Hibpm)
The molar enthalpy of vaporization of isobutyryl- 
pivaloylmethane was determined as before, using the same 
experimental conditions and a pressure of 72 cm Hg.
Three different leakage tests were carried out 
with the result being consistently the same (0.13 mg).
The results of the individual experiments are
r  ' .
presented in Table 54 and they lead to the average 
value of 13.80±0.05 kcal/mol for the molar enthalpy of 
vaporization of isobutyrylpivaloylmethane.
Table 54 - Molar enthalpies of vaporization of isobutyryl­
pivaloylmethane
No. Wt.vaporized* Heating time Heating current AHv
m(g) ■ t(sec) E(volts) (kcal/mol)
0.01335
0.01322
0.01337
0.01328
0.01328
0.01334
900.16
900.24
900.19
900.81
900.07
900.15
0.1002
0.1002
0.1002
0.1002
0.1002
0.1002
13.750
13.886
13.730
13.832
13.820
13.760
Mean: AHv = +13.8010.05 kcal/mol
* After leakage correction
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4.1.4 - Determination of the molar enthalpy of vaporiza­
tion of 2 ,6-dimethyl--3,5-heptanedione (Hdibm)
The molar enthalpy of vaporization of diisobutyryl- 
methane was determined, as before, by a series of six 
independent experiments, using the same experimental con­
ditions and a'’pressure of 67-68 cm Hg.
Three leakage tests showed an average loss of 
0.10 mg. _
r The results of the individual experiments are
presented in Table 55 , and they lead to the average
value of 13.4010.04 kcal/mol, for the molar enthalpy 
of vaporization of diisobutyrylmethane.
Table 55 - Molar enthalpies of vaporization of diiso­
butyrylmethane
No. Wt.vaporized* 
m(g)
Heating time 
t (sec)
Heating current 
E(volts)
AHv
(kcal/mol)
1 0.01260 900.28 0.1002 13.370
2 0.01259 900.23 0.1002 13.380
3 0.01264 900.25 0.1002 13.327
4 0.01256 900.14 0.1002 13.410
5 0.01255 900.16 0.1002 13.421
6 0.01250 900.04 0.1002 13.473
Mean: AHv = +13.4010 .04 kcal/mol
After leakage correction
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4.1.5 - Determination of the molar enthalpy of vaporization 
of 1,1,1-trifluoro-2,4-pentanedione (Htfacac)
The molar enthalpy of vaporization of trifluoro- 
acetylacetone was determined as before, using the same 
experimental conditions and a pressure of 23-25 cm Hg.
Preliminary experiments on the same calorimeter 
filling gave widely varying results, due to decomposition 
of the long stored trifluoroacetylacetone in the calori­
meter, as shown by G.L.C. of the 3-diketone inside the 
calorimeter. As a result of these, after each experi­
ment the calorimeter was cleaned and recharged for the 
next determination.
Six leakage.tests were carried out, giving an 
average value of 0.78±0.01 mg.
The results of the individual experiments.are pre­
sented in Table 56 and they lead to the average value of 
8.90±0.04 kcal/mol for the molar enthalpy of vaporization 
of trifluoroacetylacetone.
4.1.6 - Determination of the molar enthalpy of vaporization 
of 1,1,1 ,5 ,5,5-hexafluoro-2,4-pentanedione (HhfacacJ 
The molar enthalpy of vaporization of hexafluoro­
acetylacetone was determined as before, using the same 
experimental conditions and a pressure of 5-8 cm Hg.
As a result of the high tendency to hydration? 
of the hexafluoroacetylacetone, each determination was 
performed in a new filling of the calorimeter with fresh 
distilled 3-diketone. Special care against moisture was 
taken, with the calorimeter being stored and carried in
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a desiccator, over phosphorus pentoxide.
Six leakage tests were carried out, giving an 
average value of 3.0610.02 mg.
The results of the individual experiments are 
presented in Table 57 and they lead to the average value 
of 7.3110.03 kcal/mol for the molar heat of vaporization 
of hexafluoroacetylacetone.
Table 56 - Molar enthalpies of vaporization of trifluoro-
acetylacetone
No. Wt .vaporized* Heating time Heating current AHv
m(g) t (sec) E (volts) (kcal/mol)
1 0.07486 900.20 0.2010 8.931
2 0.07591 900.28 0.2010 . 8.808
3 0.07475 900.28 0.2010 8.945 *
4 0.07482 900.22 . 0.2010 8.936
5 0.07527 900.12 0.2010 8.881
6 0.07511 900.24 0.2010 8.901
Mean : AHv = +8.9010 .04 kcal/mol
After leakage correction
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Table 57 - Molar enthalpies of vaporization of hexafluoro-
acetylacetone
No. Wt.vaporized* 
m(g)
Heating time 
t(sec)
Heating current AHv
E(volts) (kcal/mol)
1 0.22868 900.04 . 0.2731 7.286
2 0.22738 900.07 0.2731 7.328
3 0.22586 900.15 0.2731 7.378
^4 0.22800 900.18 0.2731 7.309
5 0.22868 900.06 0.2731 7.286
6 0.22962 900.09 0.2731 7.257
Mean : AHv = +7.31±0.03 kcal/mol
* After leakage correction
4.2 - Ketone-enol equilibrium
It is well known that $ -diketones exist in a keto-
enol tautomeric equilibrium, which can be represented as
-
follows :
0
H R 1
\  y
x c
I
R"
o
R
„ / 8 - >
J.
The position of this equilibrium may be dependent 
upon the temperature, the solvent, the concentration and 
the structure of the compound'174 . The keto-enol tautomerism 
has been studied for many years by techniques such as
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bromine titration175 and infrared and ultraviolet spectro­
scopy. Within recent years, nuclear magnetic resonance 
spectroscopy has been widely used as it provides (like 
other spectroscopic methods) the opportunity of investi­
gating the tautomeric equilibrium without affecting the 
position of the equilibrium itself.
Table 58 presents some of the latest published 
values of the enol percentage of the 8-diketones used in 
the present work, all of them measured by N.M.R. tech­
niques, in the pure liquid state, at different tempera­
tures. . Although the temperatures cover a range of 14 C 
(240-38°C), the reported values are quite similar,with 
the best values believed to be the ones reported by 
Koshimura et al176..'
Table 58 - Enol percentage of some g-diketones
3-diketone* Abbreviation
% Enol
\ 24°C 25°C 33°C
u000CO
If 79.5™
Me-C0CH2C0-Me Hacac 81. 2176 ’177 79176 J
7 gl80
1L 8131
CF3-COCH2CO-Me Htfacac 9731 . 9 7le0
cf3-coch2co-cf3 Hhfacac 10O51 lOO180
iPr-C0CH2C0-iPr Hdibm 9 5.8176'177 94178 94.0178
tBu-C0CH2C0-Et Hpiprm 93. 4176 92178
tBu-C0CH2C0-iPr Hibpm 96™ 9.6 .'d178
tBu-C0CH2C0-tBu Hdpm 9 8. d176'177 100™ 98.5™
Expressed as the keto form
±y±
The values of the molar enthalpies of vaporiza­
tion, which are summarized in Table 59 , refer to the iso­
thermal vaporization (25.00°C) of the pure liquid (keto-enol)
Table 59 - Enthalpies of vaporization at 25.00QC of
some B"’dike tones
3-diketone Abbreviation Enol % AHv
(kcal/mol)
Me-COCH0CO-Me Hacac 81. 4183 +10. 33±0.05183 *
CF3-COCH2CO-Me Htfacac 97 31 +8.9010.04
cf3-coch2co-cf3 Hhfacac 10031 +7.3110.03
iPr-C0CH2C0-iPr Hdibm 95.8176’177 +13.4010.04
tBu-C0CH2C0-Et Hpiprm 93.4176 +13.5910.03
tBu-C0CH2C0-iPr Hibpm 96 178 +13.8010.05
tBu-eOCH2CO-tBu Hdpm 9 8.0176'177 +14.2310.03
* Value for the process (liquid , 100% enol - --> vapour,
100% enol)
to the real gas (keto-enol) formed under its saturated 
pressure. It is impossible at the present stage to give 
accurate values for the molar enthalpies of vaporization 
of the pure enol liquid to the pure enol gas, as the 
enthalpies of enolization of the vapour and of the liquid 
are unknown for the considered compounds. For acetyl­
acetone these values have been determined, and reported 
respectively as AHenol(v) = -2.3910.19 kcal/mol181 andAHeno1(1) 
= -2.7010.10 kcal/mol182. On that basis, Irving and Wadsô18 3,
assuming that the best value for the liquid is 18.6% 
keto, 81.4% enol and using the value of 93.3% enol for 
the vapour at- 25°C determined by Briegleb and Strohmeir18'4 , 
determined Q(g) = -0.16 kcal and Q (1) = -0.50 kcal, for 
the process :
Hacac (g) 100% enol <- 
A
AHv.e.
0(9)
Hacac (1) 100% enol <- 0 (1)
Hacac (g) 93.3% enol 
A
AHvap 
Hacac (1) 81.4% enol
In the present case, all the studied g-diketones 
are more than 93% enol, and assuming that the enthalpies 
of enolization of their vapours and liquids are similar 
to the ones of acetylacetone, the necessary corrections 
Q(g) and Q (1) will be smaller than the ones previously 
calculated, and so in the range of the experimental 
errors. It seems reasonable to use these values in the 
following calculations, until more accurate data can be 
obtained.
4.3 - Correlation between AHv and normal boiling points
Several methods have been suggested for the esti­
mation of enthalpies of vaporization, both at normal 
boiling point and at any given temperature1 ' 1 8 5 * 1 8 6 .
The oldest, as well the simplest, is Trouton's rule, 
which states that the entropy of vaporization at the nor­
mal boiling point is constant for all "non-associated" 
compounds and approximately 0.021 kcal/mol deg
ASb.p = (AHv/TJb.p = O .021 (30)
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Klages187 made use of the observation that the 
temperature derivative of the heat of vaporization is 
roughly the same for all "non-associated" compounds and 
modified equation (30) to give heats of vaporization 
at 25°C:
AHv = A + B.t, ^ (31)
P
where A and B are constants (5.4 and 0.036 kcal/mol 
respectively) and t, is the boiling point at atmospheric
• P
pressure, in °C. Klages also found equation (31) to hold 
for alcohols, if the constants were changed to A = 6.8 and 
B = 0.045.
From the experimental determination of the molar 
enthalpies of vaporization of a series of alcohols, bro­
mides, 0-esters, thiol esters and ketones, Wadsô18? sug­
gested the following equations for slightly associated 
compounds and for alcohols, respectively.
AHv = 5 . 0  +0.041 tb p  (32)
AHv = 6.0 + 0.055 t, (33)b.p
Wadsô and his co-workers studied other families
of compounds, such as amines189 , alkyl nitriles190 ,. disub­
stituted ethylene glycols191, carboxylic acids192 and 
alkoxyethanols193 , and they found that for several groups 
of compounds the linear relationship (31) holds precisely 
(even with boiling points higher than 200 C), whereas 
for other groups (especially for carboxylic acids) the
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AHv/t, plot exhibits a small curvature, 
b.p
A similar plot for the present study shows that
‘ •
all the seven g-diketones fall on a very smooth weakly 
convex curve (Fig. 24), of equation
AHv = 4.85 + 3.15x10"2 t, ■■+ 5.65xlO-5 t2, _ (34)
P Ue P
There is no data available for the boiling points 
at atmospheric pressure of the four less volatile g-diketones. 
Boiling points at reduced pressure have been measured 
(some data is available in the literature111 « 1 1 4 « 1 7 8 1 1 9 4 * 1 9 5 * 
iss,is?,iss ) and making use of the variation of the 
boiling point of acetylacetone with pressure, and the 
data on ketones given in the Dreisback tables199 , normal 
boiling points for these less volatile g-diketones have 
been estimated. These values are presented in Table 60 .
Table 60 - Boiling points of some g-diketones
g-diketone Observed
b.p
Calculated
b.p
Hacac 140°C 140°C
Htfacac 107°C, atm 107°C
Hhfacac 70°C, atm 70°C .
Hdibm 78/80°C, 13 mm Hg 199O-201°C
Hpiprm 72/74°C, 9 mm Hg 203O-204°C .
Hibpm 82/83°C, 12 mm Hg 206O-208°C
Hdpm 70/71°C, 5 mm Hg 2140-216°C
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It is interesting to point out- that the first 
,three g-diketones fall on a straight line of equation
AHv =4.29 + 0.043 t, _ (35)
d . p
and the remaining four on another straight line of equa-
tion . : -
AHv = 2.07 + 0.057 t, (36)
■ -
which also contains the point corresponding to the de­
termined enthalpy of vaporization of acetylacetone, for 
the process liquid, 81.4% enol — — > vapour, 93.3% enol 
(AHv = 9.9910.05 kcal/mol183 ).
Plotting together some of the results of Wadsô 
and his co-workers with the results obtained in the pre­
sent study (Fig. 25 ), the curve corresponding to the 
g-diketones lies very close to the families of slightly 
associated compounds, which suggests that these compounds 
present a very low or even non-existent degree of association. 
This is to be expected, as the enolic hydrogen of the 
g-diketones forms a very stable intramolecular hydrogen 
bond with the ketonic oxygen.
4.4 - Correlation between AHv and molecular structure 
It is interesting to point out that the incre­
ment of a methylene group in a secondary carbon increases 
the AHv by +0.2 kcal/mol and the increment of a methy­
lene group in a tertiary carbon, increases the AHv by
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+0.4 kcal/mol.
These incréments are remarkably close to those 
of the much more thoroughly studied aliphatic ketorxe 
series as shown in Tables 61 and 62 .
Table 61 - Accepted values of the molar enthalpies of
vaporization of aliphatic ketones (R-CO-R1) 
at 25°C. Values of increments. (Values
in kcal/mol)
R
Me
R'
Et iPr t-Bu
Me
Et
iPr
7.37
8.34
8.82
8.34
/0.97
0.48
>0.43
/ 0.88
9.22
8.82:
9.64
9.25'
9.64b/
0.42
>0.82
0.28
10.12b'
0.87
9.92bx 10.35
t-Bu 9.25' 10.12
,0.48
10.35b/
0.43
10.84
b/
\
b/
0.23
0.49
a=Ref.1 ; b=Ref.188; c=Ref .2 0 0; d=Ref.201; e=Ref .2 0 2
Table 62 - Determined values of the molar enthalpies of
vaporization of g-diketones (R-COCH^CO-R')
at 25°C. Values of 0Ho-increments (values
—  .. , % . .
- in kcal/mol)
R
Me
R*
Et iPr t-Bu
Me 10.33 1 8 3
Et
i-Pr
t-Bu 13.59
13.40x
13.59
13.80
No. 21
13.80 /
0.40 X
14.23
0.43
CHAPTER 5 
BOND ENERGIES
5.1 ~ The meta1-oxygen bond energy parameter
As stated before, the homolytic coordinate bond
energy (E) can be evaluated from the enthalpy change
(AH- ) for the corresponding gaseous formation process x.r.
at 298.15K.
For the general case,
‘ ' 1 . : , ' . AH ■
M(g) + x lig (g)------- -> [M(lig) ](g) (37)
The homolytic metal-oxygen bond energy can be equated
to l/2x of the enthalpy of reaction (AH- )
1 •r •
AH- .
E = -  - 2 ^  ; (3 8 )
as the M-0 bonds are known to be equivalent.
The determination of this enthalpy change and 
hence the metal-oxygen bond energy parameter, requires 
a knowledge of the following data, at 298.15K:
i - the standard enthalpies of formation of the li­
gands ;
ii - the standard enthalpies of formation of the com­
plexes in the solid state; •- _
iii - the standard enthalpies of vaporization (or sub­
limation) of all the species: ligands, metals, 
complexes, etc.
iv - the dissociation energies of the ligands.--
5.2 - Standard enthalpies of formation and vaporiza­
tion of some g-diketones at 298.15K
The standard enthalpies of formation of some of
the ligands have been determined by combustion calori­
metry.
Where the enthalpies are unknown (dipivaloylmethane, 
trifluoroacety lace tone and 4-methyltropolone) they have 
been estimated (in the gaseous state) using the Laidler2 
method. (See appendix 4)
•Table 63 summarizes the values of the standard 
enthalpies of formation and vaporization used in the sub­
sequent calculations.
Table 63 - Values of the standard enthalpies of forma­
tion and vaporization of the different ligands 
(all values in kcal/mol)
Ligand AHf°(1) oAH vap. AHf°(g)
Hacac -101.29+0.37a,b +9.99±0.05c ^91.3010.37
(keto/enol)
Hdpm -146.2 ±1.0 +14.2310.03d -132.0 il.0e
Htfacac -249.3 ±1.0 +8.9010.04d -240.4 11.0e
Htrop (c)— 57.18±0.21a 'f +20.1 ±0 .1 (subl.)g -37.0810.23
HMetrop (c)-65.9 ±0 .7 +21.0 10.5(subl.)1 -44.9110;. 50h
a = Ref. 1; b = Ref.203; c = Ref. 183;
d = This work (see Chapter 4);
e = Estimated by the Laidler method (see Appendix 4); 
f=Ref .172; g=Ref .204; h=Ref .173; i=Es.timated
5 . 3 S t a n d a r d  e n t h a l p i e s  o f  f o r m a t i o n  o f  s o m e  c r y s ­
talline metal-g^diketonates at 298.15K 
From the results of the experimental work des­
cribed in Chapter. 3, the standard enthalpies of formation 
of the crystalline complexes were determined. These 
values are listed in Table 64 which incorporates also 
the recalculated values of the complexes of acetylacetone 
with aluminium(III)16 and beryllium(II)21.
Table 64 - Standard enthalpies of formation of some crys­
talline metal-g-diketonates at 298.15K
Compound AHf°(c)(kcal/mol)
[Al(acac)3 ] -428.46±0. 672 0 5
[Al(dpm)3] -571.5 ±3.1
[Al(tfacac)3] -892.7 ±3.1
[Al(trop)g] —316.96+0.66
[Al(Metrop)g] -329.8 ±2.2
[fie(acac)g 1 -298.06±0.6221
[Be(dpm)23 -386.5 ±2.0
[Be(tfacac)2 1 -597.3 ±2.0
[Be(trop)2 ] -208.56±0.42
[Ni (dpm) 2 ] -299.2 ±2.0
[Cu(trop)2 ] -102.47±0.42
5.4 S t a n d a r d  e n t h a l p i e s  o f  s u b l i m a t i o n  o f  s o m e  c r y s ­
talline metal-3~~diketonates at 298.15K 
Several methods have been used to measure en­
thalpies of sublimation, but unfortunately they yield 
very different results for the same compound, as is well 
illustrated byjthe recent paper of Ashcroft206.
Recent careful determinations in this labora­
tory 2 0 7, using the Knudsen technique, yield the results 
presented in the last column of Table 65, and these are 
used in subsequent calculations. Some results of other 
workers12 8'13 0• 2 0 8 » 2 0 9 are also presented, to show the 
lack of agreement. In view of the large differences 
found in these results, one suspects the presence of 
systematic errors', as the isoteniscope method, as modi­
fied by Berg and Truemper12 8, failed to give good results 
using benzoic acid as a standard substance14.
Table 65 - Standard enthalpies of sublimation of some 
metal-grdiketonates at 298.15K
AH°sub(kcal/mol)
. Compound
Ref.128,129 Ref.208 Ref.209 Surrey2 0 7
4.58 25.06 22.30 29.1 ±1.0
28.53±0.28
9.56 26.33 21.44 25.51+0.41
8.51 22.1410.50
24.6610.74
7.28 22.9810.56
[Al(acac)3 ] 
[A1 (dpm) g]
[Al(tfacac)g] 
[Be (acac) 2 ] 
[Be (dpm) 2 1 
[Be (tfacac) 2 ]
In the absence of any reliable data for the re­
maining metal- 8-diketonates, it is necessary to make es­
timates of their enthalpies of sublimation. In the cases 
of Al(III) and Be(II) complexes, there is some available 
data for similar compounds, and so a reasonable estimate 
can be made. In these cases the uncertainty must be of 
the order of 5 kcal/mol but this only produces an uncer­
tainty of about 1 kcal/mol in the bond energy. An esti­
mate for Ni (II) and Cu(II) complexes is even more diffi­
cult and subject to greater inaccuracy, since practic­
ally no available data exists for complexes with these 
metals (data for some nickel complexes has been deter­
mined by Truemper210, using the modified isoteniscope 
technique). Bearing in mind the square planar structure 
of these complexes, and so the probability of a larger 
interaction between molecules than in the case of tetra­
hedral and octahedral structures, higher values for the 
molar enthalpies of sublimation are to be expected. A 
higher uncertainty interval must be assumed too. In the 
subsequent calculations, a value of 35±10 kcal/mol is as­
sumed, realizing that these values can be proved to dif­
fer quite considerably from the real ones. The estimated 
standard enthalpies of sublimation are summarised in 
Table 66. '
T a b l e  6 6  -  E s t i m a t e d  s t a n d a r d  e n t h a l p i e s  o f  s u b l i m a t i o n
of some metal-3~~diketonatesy at 298.15K
Compound AH°sub(kcal/mol)
[Al (trop)3] 30.0±5.0
[Al(Metrop)3] 30.0±5.0
[Be(trop)2] 25.0±5.0
[Ni(trop)2] 35.0±10.0
[Cu(trop)2^ 35.0±10.0
5.5 - Standard enthalpies of formation of some gaseous
metal-S”diketonates at 298.15K
From the consideration of the standard enthalpies
of formation of the crystalline complexes (Table 64) and
of their standard enthalpies of sublimation (Tables 65
and 66), the standard enthalpies of formation of the gas­
eous complexes were calculated. These values are listed
in Table 67.
Table 67 - Standard enthalpies of formation of some gas-
ecus metal-3-diketonates at, 298.15K
Compound AHf°(g)(kcal/mol)
[Al(acac)3] -399.4 ±1.2
[Al(dpm)3] -543.0 ±3.1
[Al(tfacac)g] -867.2 ±3.1
[Al (trop) 3] -287.0 ±5.0
[Al(Metrop)3] -299.8 ±5.5 .
[Be(acac)2] -275.92±0.80
[Be(dpm)2Ï -361.8 ±2.1
[Be(tfacac)2] -574.3 ±2.1
[Be(trop)2] -183.6 ±5.0
[Ni(dpm)2] -264.2 ±10.2 :
[Cu (trop) -67.5 ±10.0
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5.6 - The dissociation energy of the ligands
There is no published data on the dissociation 
energy of the enolic hydrogen from the parent ketoenol- 
ates. For alcohols211 the value lies between 102 and 103 
kcal/mol, and for acetic acid211 the value is 112 kcal/mol. 
For phenol212,; however, the value is 85 kcal/mol. The 
available data for these families of compounds is listed 
in Table 68.
Table 68 - Some available data on bond dissociation ener­
gies at 298.15K (All values in kcal/mol)
Bond AHf°R0H(g) D(RO-H)
Alcohols
CHgO-H -48.07±0.05a 102±2b
C2H5O-H -56.24±0.07a 102+2b
n-C3H70-H -61.17±0.30a 103±2b
s-C3H70.-H -65.12±0.13a 103±2b
n-C4Hs0-H -65.79±0.14a 102±2b
i-C4H90-H -67.84x0.21a 102±2b
s-C4H90-H -69.98±0.23a
b102±2
t-C4H90-H '-74.72±0.21a 103±2b
Acids
gh3coo-h -103.26±0.12a
b112±4
c2h5coo-h -108.4 ±0.5a 110±4b
n-C3H7COO-H -112.4 ±0 .6a lO3±4b
Phenol
c6h5o-h -23.04+0.21a ' 85°
a=Ref.1 b=Ref.211 c=Ref. 212
The problem of estimating a value for the enolic
-hydrogen dissociation of the different ketoenolates is
formidable> and this factor is decisive in determining
the accuracy of the bond'energy, i
We have calculated bond energies on the assumption
that all the ligands used in this work have a value of
100±5 kcal/mol for the dissociation energy, D(H-lig),
realising that this figure could vary considerably from
one ligand to another. However, if such a variation would
exist, according to Coulson213 it would probably only
be significant in the case of the tropolone.
On this assumption, the enthalpies of formation
o  #
of the gaseous free radicals, AHf lig (g), of the dif­
ferent ligands were calculated by means of the scheme
Hlig(g) g---> H* (g) + lig* (g) ,
AHf°lig (g) = D(H-lig) - AHf°H (g) + AHf°Hlig(g),
taking AHf°H (g) >  52x.095 kcal/mol20 . The calculated 
values are resumed in Table 69.
Table 69 - Enthalpies of formation of gaseous free radi- 
cals of some ketoenolates at 298.15K
Ketoenolate
radical
AH°lig (g) (kcal/mol)
acac* -43.6±5.0
dpm -84.1+5.1
tfacac -192.5±5.1
trop +10.8±5.0
#
Metrop +3.015.0
5.7 - Other relevant thermodynamic data
' "Apart from the data mentioned before, it is ab­
solutely necessary to know the standard enthalpies of 
formation of the different metals, in the gaseous state, 
at 298.15K. These values, taken from the different 
National Bureau of Standards Technical Notes, are listed 
in Table 70. ^  -
Table 70 - Enthalpies of formation of some metals, in 
the gaseous state, at 298.15K
Metal AHf°M(g) (kcal/mol)
Al 78.0a
Be 77. 5b
Ni 102.7°
Cu 80.86°
a=Ref.23 b=Ref.26 c=Ref.24
5.8 - Calculation of the metal-oxygen homolytic bond
energies
The enthalpy changes (AH^ ) of the differentn • r •
gaseous formation processes, calculated by the relation­
ship
AH, = AHf°M(lig)x (g) - xAHf°lig"(g) - AHf°M(g),
and the derived metal-oxygen homolytic bond energies 
(Em -q )' are summarized in Table 71.
Table 71 - Metal-oxygen homolytic bond energies at
■ ■
298.15K
Metal- f3-diketonate AHf (kcal/mol) EM-0(kcal/m0l)
[Al (acac) 3 ] v -346.6±15.0 58+3
[Al (dpm) 3 ] -368.7±15.6 61+3
[Al(tfacac)3 ] -367.7±15.6 61+3
[Al(trop)3 ] -397.4±15.8 66+3
[Al(Metrop)3 ] —386.8+16.0 64+3
[Be (acac) 2 ] -266.2±10.0 67+3
[Be(dpm)2 ] -271.1±10.4 67+3
[Be(tfacac)2 ] -266.8+10.4 67+3
[Be (trop) 2 ] -282.7+11.2 71+3
[Ni (dpm) 2 ] -198.7+14.4 50+4
[Cu (trop) 2 ] -170.0+14.1 42+4
5.9 - Conclusions
In attempting a rigorous determination of bond
- j 
energies, estimates of some enthalpies of formation and
sublimation have had to be made and, in addition, it 
has also been necessary to estimate the dissociation ener­
gy of the enolic hydrogen from the parent ketoenolates.
The resulting bond energies, therefore, have a large 
uncertainty attached to them.
Because of the estimates, the uncertainties asso­
ciated with the metal-oxygen bond energies are large 
enough to make it impossible to comment on the differ-
ences between different compounds. Nevertheless, the alu 
minium tropolonate and methyltropolonate appear to be 
more stable than the acetylacetonates. This also appears 
to be true in the case of beryllium complexes.
In all cases, the beryllium-oxygen bond is stron­
ger than aluminium-oxygen, as one would expect from a sim 
pie electrostatic model.
• The standard enthalpies of formation of the crys­
talline complexes themselves give no indication of the
metal-ligand bond strengths, as the standard enthalpies 
of formation of the ligands from their elements comprise 
a large proportion of the enthalpies of formation of the 
complexes.
As the enthalpies of vaporization of the ligands 
and the enthalpies of sublimation of the complexes are 
relatively small compared to the enthalpies of formation 
of the ligands and of the complexes, and as they and 
the dissociation energies of the enolic hydrogens from 
the parent ketoenolates are not expected to differ much 
between specific ligands and specific complexes, one 
might expect that
AHf° [M(lig) ](c) - nAHf°Hlig(1) = -Y
' :
could provide at least an indication of the relative 
metal-oxygen bond strengths, in a series of related 
compounds. These results are tabulated (Table 72.') .
Table 72 - An empirical correlation of bond strength
(All values in kcal/mol)
[M(lig)n] Y Y/2n e m -o
[Al(acac)3]; 124.6 21 58±3
[Al(dpm)3] 132.9 22 61±3
[Al'(tfacac) 3] 145.1 24 61 ±3
[Al (trop) 3] 145.4 24 66±3
[Al (Metrop) 3] 132.1 22 64±3
[Be(acac)2] 95.5 24 67±3
• [Be(dpm)2] 94.1 24 67±3
[Be(tfacac)2] 98.7 25 67±3
[Be(trop)2] 94.2 24 71±3
The table shows a similar ordering for the alu­
minium complexes as does the more rigorously calculated 
homolytic bond energy parameter. The beryllium complexes 
lead to a similar conclusion.
The difference between "Y/2n" and of
course,represents the factors which have been ignored 
in this attempt (lattice energy, etc.). It is not valid 
to compare aluminium complexes with beryllium complexes.
The calculated Y/2n values are very similar for 
all compounds as indeed are the E^_^ values, but this 
approach could well yield valuable comparative informa­
tion for compounds where it is impossible to determine 
the parameters mentioned (molar enthalpies of sublima­
tion, etc. )
In the present work, careful and precise measure- 
jnents of molar enthalpies of solution led to new values 
of the standard enthalpies of formation of the crystalline 
complexes, with an accuracy better than 0.7%, despite 
the necessity of estimation of molar enthalpies of for­
mation of some;ligands. Until values for the standard 
molar enthalpies of sublimation of the complexes, the 
dissociation energy of the enolic hydrogen from the par­
ent ketoenolates and even the standard molar enthalpies 
of formation of some of the ketoenolates are carefully 
measured, there seems to be no way in which one can dis­
cuss the effects of substituents in the acetylacetone 
on the metal-oxygen bond strength.
Nickel(II) and copper(II) complexes have been 
studied because they represent metals in a planar environ­
ment of ligands. In spite of all the assumptions that 
have had to be made to obtain the metal-oxygen bond para­
meter, there seems clear evidence that they form consider­
ably weaker bonds than the aluminium and beryllium com­
pounds. To discuss this in more detail would be too 
speculative at the present state of knowledge.
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APPENDIX 1
A.1 - Thermodynamic and thermochemical functions
The total intrinsic, energy of a molecule in its 
various quantised states is the sum of the associated 
potential and kinetic energies. The former depends upon 
the position of the molecule in space, whilst the latter 
is the algebraic sum of the quantised vibrational, rota­
tional and translational energies. The intrinsic energy 
of a molecule is temperature dependent and varies from 
one molecular type to another ; chemical reactions, there­
fore, usually proceed with the liberation or absorption . 
of energy> which may be manifested as heat energy.
The first law of thermodynamics states that "the 
intrinsic energy U of an isolated system remains constant 
irrespective of any interconversions between the various 
energy forms".
UB " UA = AU = q - w
(39)
where
AU is the increase in energy effected by transfer of 
. the system from a defined thermodynamic state A to 
a second defined state B; 
q is the total heat absorbed b% the system during tran­
sition;
w is the total work done by the system during transi­
tion
w = / PdV (40)
P = pressure; V = volume.
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Heat and work are regarded 
as positive when transferred q (+)
from the surroundings to the• 
system214, as shown in Figure 
26.
Fig.26-Sign convention
A.1.1 - Constant volume processes
If the process is carried out in closed containers
(for example, bomb calorimeters), the volume remains
constant and so dV = 0, and W = j PdV = 0. The first
X A  .
law (39) may then be written
AU = qv (41)
The subscript v implies constant volume conditions 
This means that the thermal energy added to a constant 
volume system is equal to the increase in internal energy.
A.1.2 - Constant pressure processes
The vast majority of chemical and other processes 
take place at constant pressure, usually one atmosphere.
In these cases
- r-B r Bw = I PdV = p / dV = PAV4  VA
and so, from (39)
AU = q_ - PAV (42)
Here, qD is that heat added to the system during the con-
: ‘ P - ■ ■ 
stant pressure process.
A.1.3 - Definition of enthalpy
The so called heat content or enthalpy of a sys­
tem, represented by the symbol H, is defined mathemati­
cally as
H = U + PV (43)
both U and H being functions of state 
For infinitesimal changes,
dH = dU + PdV + VdP (44)
Again, for constant pressure processes, this expression 
reduces to
dH = dU + PdV
or
AH = AU + PAV
(45)
(46)
Substituting AU by the value given by expression (42),
AH = (qp - PAV) + PV
so
AH = qp (47)
that is, the heat absorbed by the system at constant 
pressure is equal to the increase in its enthalpy. Thus,
the absorbed heat energy associated with any chemical 
"reaction proceeding in an isothermally jacketted solu­
tion calorimeter at constant pressure, is equal to the 
corresponding enthalpy change AH.
A.1.4 - Relationship between AH and AU
Equation (46) shows that AH is equal to AU for 
constant pressure reactions in which all the reactants 
and products are either liquids of solids, and for ideal 
gaseous reactions in which the total volume change is 
zero. For other ideal gaseous reactions involving a net 
volume change AV, (An moles), from
PAV = AnRT (48)
Equation (46) becomes
AH = AU + AnRT (49)
A.1.5 - Spontaneous changes
Since a system is generally stabilised by a de­
crease in enthalpy, a chemical process should proceed 
to completion if the total enthalpy of the products is 
less than the total enthalpy of the reactants, that is, 
the reaction is exothermic (AHR negative). However, 
many endothermie reactions occur spontaneously and pro­
ceed to completion; thus, the enthalpy parameter is not 
necessarily that which influences the reaction path.'
The Gibbs free energy state function, is defined
by - ; ; ' _ " '
G = H - TS (50)
where T is the absolute temperature and S the total en- 
,tropy of a system, which may be envisaged as a quanti­
tative measure of its degree of disorder.
At constant temperature the free energy change 
AG is given by
AG = AH - TAS (51)
The second law of thermodynamics states that 
"the entropy of system and surroundings together increases 
during all natural or irreversible processes ; for a re­
versible process, the total entropy is unchanged". So, 
for| isolated systems, AS is positive.
It is the free energy term which directly influ­
ences the reaction path; a thermodynamically favoured 
reaction is that which is associated with a decrease in 
total free energy. The free energy change for a revers­
ible chemical process may be calculated from the condensed 
reaction isotherm relationship ,
AG = -RTlnK (52)
where K is the thermodynamic equilibrium constant at ab­
solute temperature.
A.1.6 - Hess's law
The empirical thermochemical law of Hess21'5 (1840) 
is a direct consequence of the first law of thermodyna­
mics and states that "the heat change associated with a 
unit chemical process at constant temperature is inde-
p e n d e n t  o f  t h e  r e a c t i o n  p a t h " .
An important corollary of Hess's Law is that 
stoichiometric thermochemical equations may be summed 
algebraically yielding heats of reaction which are not 
directly accessible. In expressing a heat of reaction, 
generally it is vital to define the physical state of 
each component.
APPENDIX 2 - DEFINITIONS
A constant pressure (one atmosphere) and a constant 
temperature (298.15K) is assumed
Ionization Potential (I) is thé.energy required to remove 
an electron from a gaseous species leaving each without 
any kinetic energy. First, second, etc. potentials for 
elements refer to successive removal of electrons from 
an originally neutral atom. The algebraic sign of all
ionization potentials is positive.
■
Electron Affinity (E^) is the energy released when a 
gaseous species captures an electron (of zero kinetic 
energy). The"algebraic sign of electron affinities 
(where energy is released) is positive. It is to be 
noted that this is opposite to the generally accepted 
thermochemical sign convention. This has been taken in­
to account and corrected for, in the heterolytic bond­
ing expression given on page 31 where the sign of the
electron affinity of the ligand (E ) is shown reversed
11 in­
to the ionization potential summation / I.. Thus posi-
i=l -
tive electron affinities can be substituted directly in­
to equation on page 31.
Enthalpy of Atomization (AHa) is the enthalpy change for 
the degradation of a molecule (1 mol) into its constitu­
ent gaseous atoms in their ground energy states.
Enthalpy of Combustion (AHc) is the enthalpy change for 
the complete combustion of a compound (1 mol) in excess 
of pure gaseous oxygen.
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Enthalpy of Enolization (AHenol) applies specifically to 
,tautomeric compounds. It is the enthalpy change for the 
conversion of the pure keto form (1 mol) into the pure 
enol form (1 mol) in a defined homogeneous reaction medium.
oStandard Enthalpy of Formation (AHf ) is the enthalpy 
change for the formation of a compound (1 mol) from its 
elements in their defined stable thermodynamic states : 
solid (c) - the pure crystalline solid or the most stable
crystalline allotrope at the reference tem­
perature and pressure; 
liquid (1) - the pure liquid at the reference temperature 
and pressure;
gas (g) - the ideal gas at the reference temperature
and pressure;
Compound - the pure compound in its accepted thermodyna­
mic stable state at the reference tempera­
ture and pressure.
The standard enthalpy of formation of an element 
in its standard state, is arbitrarily taken to be zero 
at all temperatures and pressures.
Enthalpy of Decomposition (AHd) From the first law of
othermodynamics, AHd is numerically equal to AHf but oppo­
site in sign.
Enthalpy of Neutralization (AHn) is the enthalpy change 
for the total neutralization of one equivalent of a base 
in an infinitely dilure acid solution.
The enthalpy of neutralization of all strong bases 
by strong acids is constant and numerically equal to the
e n t h a l p y  o f  i o n i z a t i o n  o f  w a t e r ,  A H i .
+ _ ■
H (aq) 4- OH (aq) H-O fl) AHi ‘ = -AHn
A recent selected value for AHn at 25 C is -13.335 
kcal/mol216.
Enthalpy of Reaction (AHR) is the enthalpy change for a 
defined unit chemical process.
Enthalpy of Solution (AHsol) is the enthalpy change for the 
process of physically dissolving a solute (1 mol) in a 
large excess of solvent such that the resulting solution 
is infinitely diluted. The degree of association or dis­
sociation of solute and solvent is assumed to be neglig­
ible. AHsol is a direct measure of the solvation energy 
of the solute.
Enthalpy of Sublimation (AHsub) is the enthalpy change 
for the conversion of a crystalline compound (1 mol) 
into the corresponding ideal gaseous modification.
Enthalpy of Vaporization (AHv) is analogous to the enthalpy
of sublimation but specifically applicable to liquids.
Since molecules of a vapour possess on average more poten­
tial energy than those in the liquid, the process of eva­
poration is endothermie.
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APPENDIX 3 ~ THERMODYNAMIC PARAMETERS OF ACETYLACETONE
AT 298.15K
Assuming that the following are the best known 
values at 298.15K,
AHf°(liq/81.4% enol) = -101.29±0.37 kcal/mol1,203 
liquid equilibrium183< >18.6% ketone + 81.4% enol 
vapour equilibrium183'184< >6.7% ketone +93.3% enol 
AH°enol(1)182'183 = -2.70+0.10 kcal/mol 
AH°enol(v)181,183 = -2.39±0.19 kcal/mol
AH°vap (lig, 81. 4% enol— >vap,93.3% enol) 183 =+9 . 99-10.05 kcal/mol 
by calculation, one obtains:
AHf°(g,93.3% enol) - -91.30+0.37 kcal/mol 
AHf (g,100% enol) = -91.46±0.37 kcal/mol
AH°vap(lig,100% enol— -^vap,100% enol) = +10.33±0.05 kcal/mol
2 2
APPENDIX 4 - ESTIMATION OF STANDARD ENTHALPIES OF FORMA- 
v ' TION OF SOME g-KETOENOLATES AT 298.15K
Using the Laidler parameters compiled by Cox 
and Pilcher1 the standard enthalpy of formation of gas­
eous acetylacetone was found to be -67.25 kcal/mol. Com­
paring this calculated value with the accepted one of 
-91.46 kcal/mol (100% enol)*, it can be assumed that the 
resonance energy in acetylacetone is - -24 kcal/mol.
The application of the Laidler method to the 
tri fluoroacetylacetone molecule leads to the value of 
-216.14 kcal/mol; on the other hand, the same parameter 
derived from the accepted standard value of acetylacetone, 
by accounting for the replacement of one -CHg group by 
a -CF^z is found to be -240.35 kcal/mol, again with a 
difference of -24 kcal/mol. On this basis the value of 
-240.4Ü.0 kcal/mol is estimated for the standard enthalpy 
of formation of gaseous trifluoroacetylacetone at 298.15K.
The calculation for dipivaloylmethane by a 
straight Laidler method gives the value of -107.87 kcal/mol; 
assuming that the resonance energy for this compound is 
the same as for acetylacetone and trifluoroacetylacetone,
i.e. -24 kcal/mol, the standard enthalpy of formation of 
gaseous dipivaloylmethane is estimated as -132.011.0 kcal/mol, 
at the standard temperature of 298.15K.
The standard enthalpy of formation of 4-methy1- 
tropolone was calculated from the accepted value for tro-
* See Appendix 3, this thesis.
polone, substituting a methyl group for one ring hydrogen. 
,The found value, -44.95.kcal/mol, is in excellent agree­
ment with the'value of -44.91±0.50 kcal/mol calculated 
by Professor Sunner17 3.
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